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Abstract 
Three types of electrodes: carbon paste electrodes modified with nanoparticles of 
metallophthalocyanines (MPcNP-CPEs, M = Mn, Fe, Ni, Co), basal plane pyrolytic 
graphite electrodes modified with iron or nickel phthalocyanine nanoparticles and 
multiwalled carbon nanotube composites (FePcNP/MWCNT-BPPGE or 
NiPcNP/MWCNT-BPPGE),and basal plane pyrolytic graphite electrodes modified with 
multiwalled carbon nanotubes and electropolymerized metal tetra-
aminophthalocyanines (poly-MTAPc-MWCNT-BPPGE), where M is Mn, Fe, Ni or Co, 
were prepared.  Electrochemical characterizations showed that faster electron 
transfer kinetics occurred at the NiPcNP/MWCNT-BPPGE than at the 
FePcNP/MWCNT-BPPGE surface.  SEM and electrochemical characterizations of poly-
MTAPc-MWCNT-BPPGE showed that MTAPc had been deposited on the MWCNT-
BPPGE surface, and that the poly-CoTAPc-MWCNT-BPPGE exhibited the fastest 
electron transfer kinetics of all the poly-MTAPc-MWCNT-BPPGEs. 
 Using amitrole and asulam as test analytes, electrochemical experiments showed 
that, amongst the CPEs, the FePcNP-CPE and NiPcNP-CPE displayed the most 
electrocatalytic behavior towards amitrole and asulam oxidation, respectively, and 
further experiments were done to obtain the electrochemical parameters associated 
with these electrodes and the corresponding analytes. Although, the 
FePcNP/MWCNT- BPPGE displayed electrocatalytic behavior towards amitrole 
oxidation in comparison with the bare BPPGE, it was less electrocatalytic than the 
FePcNP-CPE in terms of detection potential.  The NiPcNP/MWCNT-BPPGE displayed 
the same detection potential as the NiPcNP-CPE.  The poly-FeTAPc-MWCNT-BPPGE 
v 
 
exhibited the most electrocatalytic behavior towards amitrole, of all the electrodes 
investigated, and the poly-CoTAPc-MWCNT-BPPGE displayed the best electrocatalytic 
behavior towards asulam, amongst the poly-MTAPc-MWCNT-BPPGEs.   
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Chapter 1 
 
Introduction 
 
The chapter starts with a discussion of the concept of chemical modification of 
electrodes.  Materials that are used to chemically modify electrodes, such as 
nanomaterials (nanoparticles and carbon nanotubes) and phthalocyanines, are 
discussed.  Electrocatalysis is discussed in relation to the materials used to 
chemically modify electrodes.  An overview of the analytes to be used in this study is 
presented. 
 
 
 
 
 
 
 
2 
 
The electrochemical detection of organic pollutants such as alcohols, phenols, 
amines, carbohydrates and their derivatives is frequently limited by slow electron 
transfer at conventional electrodes and complicated by irreversible passivation of the 
electrode surface.  If the electrodes are covered with molecular materials of known 
electrocatalytic activity, this problem may be solved.  Metallophthalocyanines (MPcs) 
have been immobilized on different electrode surfaces to design what are called 
chemically modified electrodes.  It has been shown that such modified electrode 
surfaces behave as fast electron-transfer mediators for solution species [1]. 
In this study, carbon-based electrodes are chemically modified with MPcs and 
nanomaterials, and employed in the electrochemical detection of herbicides that are 
environmental pollutants.  
1.1 Chemically Modified Electrodes  
1.1.1 Electrodes employed in this work  
A chemically modified electrode (CME) is an electrode made of a conducting or semi-
conducting material that is coated with a film of a chemical modifier.  The 
distinguishing feature of a CME is that a thin film of a selected chemical is bonded to 
or coated on the electrode surface to endow the electrode with the chemical, 
electrochemical or other desirable properties of the film in a rational, chemically 
designed manner [2-9].  In this study, chemical modification was done on carbon-
based electrodes such as carbon paste and pyrolytic graphite electrodes, hence 
these will be discussed. 
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1.1.1.1 Carbon paste electrodes  
The carbon paste electrode (CPE) was introduced for the first time in 1958 [10].  
Carbon paste is a mixture of ground carbon and mulling liquid.  Practical 
considerations require that the mulling liquid should be electroinactive and pure with 
respect to electroactive impurities, chemically inert, have a very low solubility or be 
immiscible with the analyte solution, should have low volatility, and should ensure 
low residual currents in the investigated potential range [2,11].  Different types of 
mulling liquids or binders have been used for the preparation of CPE.  Among these 
are : paraffin or Nujol[12], silicone lubricants [13], polychlorotrifluoroethylene oils 
[14].  Nujol is more commonly used. 
The required properties [15] of the particulate component (graphite) of the paste 
are: 
(i) uniform particle size distribution 
(ii) high chemical purity 
(iii) low adsorption capability for oxygen and electroactive impurities. 
(iv) right level of porosity [16].  Materials such as carbon black, animal 
charcoal or similar products which are extremely porous, are not 
suitable for the preparation of carbon pastes.  
Typically, pastes for CPEs may be prepared by thoroughly mixing Nujol and 
graphite powder until the mixture is uniformly wetted [11,17].  The usual particle 
size of the graphite materials is about 3 m; larger particles produce a rough texture 
and unfavourable mechanical and electrochemical properties [18,19].  Graphite of 
smaller particle size (e.g., 0.2 m) can be suitable for the preparation of carbon 
paste microelectrodes [20].  The resultant paste should have a consistency similar to 
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that of peanut butter.  After thorough mixing, the paste is packed into an inert 
holder such as Teflon or glass tubes.  Electrical contact with the paste is maintained 
using a piece of conducting wire.  The surface may be ―polished‖ using weighing 
paper; it is important that the face of the holder is flat and smooth so as to obtain a 
flat, reproducible carbon paste surface. 
To prevent the separation of graphite and the pasting liquid, it is important to avoid 
too much pressure when packing the paste into the holder.  Separation of the liquid 
from graphite results in high resistance at the area of contact between paste and 
conducting wire [2,15].  CPEs have rather low background currents compared to 
solid graphite or noble metal electrodes, but the magnitude increases with an 
increasing quantity of pasting liquid, which invariably decreases the sensitivity of the 
electrode [17].  CPEs can be polarized within a wide potential window of -1.0 to 1.5 
V vs silver/silver chloride electrode (Ag/AgCl) in acidic media and from -1.3 to 1.4 V 
vs Ag/AgCl in neutral media, and between -1.2 V and 1.2 V in alkaline solutions.  
Simply pushing a small column of electrode material out of the holder and cutting it 
off with a scapel or the edge of very clean paper easily regenerates the surfaces of 
CPEs [21].  
The major setbacks of the use of CPEs in electroanalysis have to do with 
reproducibility, use in non-aqueous media and presence of entrapped oxygen in the 
paste.  In voltammetric measurements, oxygen seriously interferes when employing 
CPEs in the negative potential range.  The reproducibility of CPEs is a bit worse than 
that of mercury electrodes or sensors made of compact materials such as noble 
metals and glassy carbon.  The relative standard deviation of measurements with a 
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CPE is about 5%.  The other disadvantage of CPEs has to do with its heterogeneous 
nature; when applied in non-aqueous media, the electrode disintegrates due to the 
solubility of the binder in organic solvents [2,21].  
In this work, CPEs were modified with nanosized MPcs (M= Fe, Co, Mn, and Ni) and 
the modified electrodes were used to detect asulam or amitrole (depending on their 
ability to catalyse the oxidation of these test analytes). 
1.1.1.2. Pyrolytic graphite electrodes 
Up to until the mid 1980s, all available materials made exclusively of sp2 hybridized 
carbon, possessed the planar graphite sheet as their structural building block: a 
hexagonal lattice of 3 coordinate carbon atoms where the C-C bond  length is 
around 1.42 Å.  This includes a wide variety of graphite products which have been 
used as working electrodes, such as amorphous carbon, glassy carbon, carbon 
fibres, powdered graphite, pyrolytic graphite (PG) and highly ordered pyrolytic 
graphite (HOPG), each with different chemical and physical properties.  The key 
structural factor that leads to an assortment of different materials is the average 
graphite microcrystallite size (or lateral grain size, La,) which is effectively the 
average size of the hexagonal lattices that make up the macro structure.  In 
principle, this can range from being infinitely large, as in the case of a macrosized 
single crystal of graphite, to the size of a benzene molecule which is approximately 3 
Å.  Pyrolytic graphite is intermediate in the range, with La values of around 1000 Å 
[22].  The largest graphite monocrystals are found in HOPG which can be 1-10 m 
in size [22-24]. Regions where individual graphite monocrystals meet each other 
(i.e, grain boundaries) are poorly defined and, when exposed, result in surface 
defects.  In the case of pyrolytic graphite, the individual graphite crystals lie along 
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the same axis making it possible to obtain carbon surfaces with significantly less 
defects.  This is especially true for HOPG where the large lateral grain size can result 
in a well defined surface with values of defect coverage as low as 0.2 % [25].  
Figure 1.1 shows a pyrolytic graphite surface with the graphite crystals lying along 
a ‗basal plane‘ and the edges of the crystals (the surface defects) lying along an 
edge plane [26]. 
              
                     Figure 1.1:   A front view of the basal and edge planes of pyrolytic graphite [26].  
Edge plane and basal plane pyrolytic graphite electrodes are fabricated from slabs of 
HOPG. The basal plane surface of an HOPG electrode consists of layers of graphite 
which lie parallel to the surface and with an interlayer spacing of 3.35 Å.  Surface 
defects occur in the form of steps exposing the edges of the graphite layers, as 
shown in Figure 1.2.  The surface defects (exposed edge planes) are a very low 
percentage of the total surface area, as explained earlier. 
 
Edge plane band 
Basal plane 
island 
~1.0 m 
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  Edge plane 
Figure 1.2:  Schematic diagram of basal and edge planes of pyrolytic graphite [26]. 
In this work a basal plane pyrolytic graphite electrode was modified with 
nanoparticles of iron phthalocyanine (FePcNPs) and nickel phthalocyanine (NiPcNPs) 
in the presence or absence of MWCNTs, and employed in the detection of amitrole 
and asulam. 
1.1.2 Methods for electrode modification 
Various methods are used to chemically modify different types of electrodes, and the 
methods used in this work are discussed. 
1.1.2.1 Composite 
In this method, the chemical modifier is simply mixed with an electrode matrix 
material.  The method involves the combination of the modifier with the carbon 
particles of carbon based electrodes [27-29] , forming the carbon paste electrode 
discussed above. 
1.1.2.2 Electropolymerization 
The use of polymer film coatings as modifying agents on electrodes is perhaps the 
most popular method of electrode modification for a number of reasons: 
 (i) it is easy to prepare multiplayer films by electropolymerization, 
(ii) the thickness of the film can be controlled and reproduced, 
Basal plane 
2 nm 
Surface defects 
8 
 
(iii) there is no loss of the polymer on the electrode surface since the 
polymer films have tremendous chemical stability and can be made 
completely insoluble in the contacting solution phase, 
(iv) other functional groups can be added as additional coats on the 
polymer [30]. 
In electropolymerization, an electrode is immersed in a concentrated solution ( 10-3 
M) of the desired modifier followed by repetitive voltammetric scanning within a 
specified potential range.  The rate and extent of the polymerisation process as well 
as the chemical and physical properties of the resulting polymer can be carefully 
controlled [31-36]. 
1.1.2.3 Abrasive immobilization 
In this method, the modifying agent is abrasively attached onto the electrode 
surface.  The electrode is usually pyrolytic graphite.  The procedure involves 
cleaning the electrode surface by polishing it on carborundum paper, pressing 
cellophane tape on the cleaned surface and then removing the cellophane tape 
along with several layers of graphite.  This is repeated multiple times to achieve the 
final surface.  Before modification, the electrode is rinsed with acetone to remove 
any adhesive.  The modifying agent (in this case, the MPcNPs or carbon nanotubes) 
is then abrasively immobilized on the surface of the electrode [22]. 
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1.1.3 Methods of characterizing modified electrodes 
Once an electrode has been successfully modified, it is desirable to characterize such 
a modified surface.  A number of techniques are actively in use for characterizing 
modified electrode surfaces.  The techniques used in this work are discussed below. 
1.1.3.1 Cyclic voltammetry 
Electrochemical methods, particularly cyclic voltammetry, provide an effective way of 
determining the amount of modifier deposited on the electrode surface [37].  The 
amount of modifier deposited on the electrode surface (termed ―surface coverage‖) 
may be obtained by cycling the electrode within an appropriate potential window in 
a solution that contains a supporting electrolyte, and determining the area under the 
oxidation or reduction wave.  The area gives the charge (Q) associated with the 
species coated on the electrode, and from the calculated charge, the surface 
coverage can be determined using equation 1.1 [30,37]. 
  nFAQ          1.1 
where A = effective surface area of the electrode, cm2 
  = surface coverage, mol.cm2 
    number of electrons transferred, and   is the Faraday constant  
When carbon nanotubes are employed as the modifying agents, cyclic voltammetry 
can be used to obtain the approximate number of nanotubes attached to the 
electrode surface.  Firstly, the surface roughness factor for the modified electrode is 
determined by using the [Fe(CN)6]
3-/4- redox system and the Randles-Sevcik 
equation (equation 1.2):   
    (       
 )               1.2 
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 where Ip = peak current (in amperes (A)) of a reversible system at 298 K, n = 
number of electrons transferred, A = electrode surface area (cm
2), D = diffusion 
coefficient (cm2.s-1), c = concentration (M), and  = scan rate (V.s-1).  The surface 
roughness is calculated from the ratio, Ipa experimental/Ipa theoretical.  Then, the 
effective surface area (Aeff = roughness factor  calculated (geometric) area) can be 
calculated [38,39]. 
The number of carbon nanotubes on the surface is then estimated from the known 
dimensions of the carbon nanotubes and the calculated effective surface area [40]. 
1.1.3.2 Scanning electron microscopy  
The kind of information that can be obtained from SEM is listed below [41]: 
(i) Topography: the surface features of the object or ―how it looks‖, that 
is, its texture.  
(ii) Morphology: the shape of the particles making up the object. 
(iii) Crystallographic information: how the atoms are arranged in the 
object. 
A typical SEM picture of a copper phthalocyanine (CuPc) thin film deposited on a 
glass substrate using a liquid-liquid interface recrystallization technique (LLIRT) is 
shown in Figure 1.3.  The micrograph revealed non-spherical domains made up 
from nanosized CuPc particles.  Additionally, the domain showed a tendency to form 
chains rather than uniform growth in three dimensions.  The film was shown to be 
non-uniform, with voids clearly visible between the grains [42].   
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  Figure 1.3:  SEM micrograph of a CuPc film [42].  
1.1.3.3 Transmission electron microscopy 
Transmission electron microscopy (TEM), especially high-resolution transmission 
electron microscopy (HRTEM), is frequently used to study nanosized materials such 
as carbon nanotubes and other nanoparticles.  The image is especially suited to 
study the overall shape of the nanomaterials.  If the bright field images are of high 
magnification and high quality, the graphitic layered structure can also be visible 
[43]. 
For example, copper (II) oxide (CuO) nanoparticles were prepared by using two 
methods, one involving cetyl trimethyl ammonium bromide (CTAB) and the other 
involving sodium dodecyl sulphate (SDS).  TEM (Figure 1.4) was used to compare 
the sizes of copper(II) oxide (CuO) nanoparticles produced from two syntheses [44].   
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Figure 1.4: TEM images of CuO samples prepared using (A) SDS and (B) CTAB [44]. 
From the TEM images, the nanoparticles obtained using SDS (A) were found to have 
a width of ~100 nm and length of 200 nm.  The nanoparticles obtained using CTAB 
(B) were found to have an average size of ~25 nm.  
1.1.3.4 X-ray diffraction 
X-ray diffraction (XRD), especially X-ray powder diffraction (XRPD), is an important 
technique for structure analysis because, practically, solids used in heterogeneous 
catalysis are almost always in powder form.  The tiny particles making up the 
powder may be nano-sized crystallites.  Characterization of both the shape and size 
of such nanomaterials is important in the development of these materials and as a 
means to control the quality of their synthesis [45].   
The principle of the characterization approach used is that if crystallites are 
sufficiently small, the Bragg peaks in a diffraction pattern are broadened by an 
amount inversely proportional to the particle size. Measurement of the broadening 
thus gives a means of estimating the size through the well-known Debye–Scherrer 
[46] formula given by: 
A B 
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     1.3 
where L is the apparent particle size,  is the full-width at half-maximum (FWHM) of 
the X-ray diffraction line in radians,  is the wavelength used, and  is half the 
scattering angle.  The constant 0.9 in Equation 1.3 depends slightly on the symmetry 
of the crystal [47]. 
The nanoparticles obtained using the CTAB and SDS methods described above were 
characterized by employing XRD, and the spectrum obtained is shown in Figure 1.5 
.  
Figure 1.5: XRD patterns for CuO nanoparticle samples prepared using (A) SDS and (B) 
CTAB [44]. 
Using the Debye-Scherrer formula, the size of the particles synthesized using CTAB 
was found to be 37.2 nm, and those obtained using SDS had an average size of 110 
nm.                  
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1.1.3.5 Electrochemical impedance spectroscopy                      
Impedance methods are based on perturbation of the electrochemical cell with an 
alternating signal of small magnitude, and monitoring of the response.  For example, 
when the applied signal is a sinusoidal perturbation of applied voltage (V(t)), 
expressed as:                                                                                                               
  ( )                1.4                         
the response will be a sinusoidal current response (I(t)): 
 ( )        (    )      1.5    
V(t) and I(t) are the voltage and current, respectively, at time t.  V0 and I0 are the 
voltage and current amplitudes, respectively;  is the radial frequency, and  is the 
phase shift by which the voltage lags the current [37]. 
The impedance, Z, is defined as : 
)(
)(
tI
tV
Z    1.6 
Thus Z is a vector and can be represented as : Z = Z + jZ where Z is the real part 
of the impedance (Zre), Z is the imaginary part (Zim), and j = -1.  Zre and Zim 
originate mainly from the resistance and capacitance of the cell, respectively [37]. 
 One way of modeling electrochemical processes at the electrode-solution interface 
involves comparison of the electrochemical process to an equivalent electrical circuit 
containing combinations of resistances and capacitances, for example, the Randles 
model [37] shown in Figure 1.6. 
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    Figure 1.6:  The Randles circuit model 
The diagram includes the ohmic resistance of the electrolyte solution, Rs, the 
Warburg impedance, ZW, resulting from the diffusion of ions from the bulk 
electrolyte to the electrode interface, the double layer capacitance, Cdl, and the 
electron-transfer resistance, Ret, that exists if an electroactive species is present in 
the electrolyte solution.  Rs and ZW represent bulk properties of the electrolyte 
solution and diffusion features of the electroactive species in solution, respectively.  
Cdl and Ret depend on the dielectric and insulating features of the 
electrode/electrolyte interface. 
In the Randles circuit, it is assumed that the resistance to electron transfer and the 
Warburg impedance are both parallel to the interfacial capacity, Cdl.  This parallel 
combination of R and C gives rise to a semicircle in the complex plane plot of -Z 
against Z (the Nyquist plot).  The mass-transfer term (Warburg impedance), which 
cannot be represented by classical circuit elements, is observed as a low frequency 
spur with a slope of unity [48,49].   A typical shape of an impedance spectrum 
(presented in the form of a Nyquist plot of the imaginary part of the impedance (-
imagi, or -Z) against the real part (reali, or Z)) is shown in Figure 1.7. 
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Figure 1.7:  Typical shape of an impedance spectrum in the form of a Nyquist plot of Im[Z] 
(or -Z) vs Re[Z] (or Z) [49]. 
The semicircle portion, observed at higher frequencies, corresponds to the electron 
transfer-limited process, whereas the linear part is characteristic of the lower 
frequency range and represents the diffusion-limited electron transfer process.  In 
the case of very fast electron-transfer processes, the impedance spectrum could 
include only  the linear part, whereas a very slow electron-transfer step results in a 
big semi-circle region that is not accompanied by a straight line [50].  The semi-
circle diameter equals Ret.  The intercept of the semi-circle with the Re[Z]-axis at 
high frequencies ( ) is equal to Rs, the solution resistance.  
The roughness of the electrode surface also has a bearing on the impedance to 
electron transfer at the surface.  This is accounted for by the inclusion of a constant 
phase element (CPEdl) in the Randles circuit.  The impedance of the CPEdl (ZCPE) is 
defined as in equation 1.7 [51]: 
        ( (  )
 )        1.7  
Ret 
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where Q is a frequency-independent constant relating to the interface.  J is the -1, 
 is the radial frequency, and the exponent n arises from the slope of log Z vs log f 
(and has values -1  n  1).  If n = 0, the CPEdl behaves like a pure resistor; if n = 
1, the CPEdl behaves like a pure capacitor; if n = -1, the CPEdl behaves like an 
inductor [51]. 
EIS can be used to characterize the deposition of self-assembled monolayers [52] or 
polymer films [53] on the electrode surface.  For example, poly-manganese tetra-
aminophthalocyanine (MnTAPc) and poly-cobalt(II) tetraaminophthalocyanine 
(CoTAPc) thin films were electropolymerized on bare gold and glassy carbon 
electrodes [54].  The electron-transfer characteristics at the surfaces of the different 
electrodes constructed were probed using EIS as shown in Figure 1.8.  The GCE 
electrodes displayed better conductivity than the Au electrodes.  The Bode plots 
showed that the electrode-solution interface is capacitive in nature for both GCE and 
Au electrodes, although it does not behave like a true capacitor (Φ <90).   
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Fig. 1.8 :  Nyquist (-Z‖ vs Z‘) and corresponding bode (-phase angle vs log f) plots (i) bare electrodes 
(ii) polyCoTAPc and (iii) polyMnTAPc polymer thin films on (A,B) Au and (C,D) GCE electrodes in (1:1) 
equimolar mixture of 1 mM K4[Fe(CN)6] and 1 mM K3[Fe(CN)6] solution containing 0.1 M KCl. Applied 
potential corresponds to E1/2 of ferricyanide redox couple [54]. 
 
1.1.3.6 X-ray photoelectron spectroscopy  
 X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic surface 
chemical analysis technique used to estimate the empirical formula or elemental 
composition, chemical state and electronic state of the elements on the surface (up 
to 10 nm) of a material.  XPS is also known as ESCA, an abbreviation for Electron 
Spectroscopy for Chemical Analysis.  X-ray irradiation of a material under ultra-high 
vacuum leads to the emission of electrons from the core orbitals.  Measurement of 
the kinetic energy (KE) and the number of electrons escaping from the surface of 
the material gives the XPS spectra.  From the kinetic energy, the binding energy of 
the electrons to the surface atoms can be calculated.  The binding energy reflects 
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the oxidation state of the specific surface elements.  The number of electrons 
reflects the proportion of the specific elements on the surface [55,56]. 
XPS can be used to probe the surface of modified electrodes to establish whether a 
modifying material has been successfully immobilized onto the surface of the 
electrode or not, and the manner of attachment of modifier to the surface.  As an 
example, a cobalt tetra-carboxylic acid chloride phthalocyanine complex (CoTCAPc) 
was covalently immobilized on pre-formed mecarptoethanol (ME) self-assembled 
monolayer on gold (Au) electrode surface, and the resulting modified-electrode 
surface characterized using XPS [57].  In Figure 1.9, the XPS spectra confirm the 
presence of (i) sulfur(S) on the electrode surface and the formation of the Au-S 
bond, and (ii) oxygen (O) from –OH group of mercaptoethanol and from the C-O-C 
and C=O bonds of cobalt tetra-carboxylic acid chloride phthalocyanine.  
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Figure 1.9:  XPS spectra of sulfur for (i) Au-ME SAM and (ii) Au-ME- CoTCAPc SAM and oxygen 
(O1s) for (iii) Au-ME SAM and (iv) Au-ME-CoTCAPc SAM [57].   
1.1.3.7 Raman Spectroscopy 
The phenomenon of inelastic light scattering is known as Raman radiation and was 
first documented by Raman and Krishnan in 1928 [58].  When a substance is 
irradiated with monochromatic light, most of the scattered energy comprises 
radiation of the incident frequency (Rayleigh scattering).  In addition, a very small 
quantity (0.0001%) of photons with shifted frequency is observed.  The fraction of 
photons scattered from molecular centres with less energy than they had before the 
interaction is called Stokes scattering.  The anti-Stokes photons have greater energy 
than those of the exciting radiation.  Both infrared (IR) and Raman spectra are 
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concerned with measuring associated molecular vibration and rotational energy 
changes.  However, the requirement for vibrational activity in Raman spectra is not a 
change in dipole moment, as it is in IR spectra, but a change in the polarizability of 
the molecule [59,60].  
A given vibration then always appears in the same region, its exact position giving 
information about the local environment of the corresponding bonds, both in the 
crystalline and amorphous states [61]. 
A water-soluble sodium salt of cobalt tetra-sulfophthalocyanine (CoTSPc) was used 
to form a layer-by-layer assembly on a gold substrate pre-modified with 
poly(diallyldimethylammonium chloride).  Raman spectroscopy was employed to 
confirm that CoTSPc was indeed attached to the gold surface, as shown in Figure 
1.10 [62]. 
 
 
Figure 1.10:  Raman spectra of CoTSPc: (a) bulk powder and (b) a monolayer film on a 
gold substrate [62].     
 
(a) 
(b) 
/cm-1 
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A comparison of the spectrum of the monolayer film on gold with that of bulk 
CoTSPc powder showed that CoTSPc was attached to the surface. 
1.1.4 Aim of this thesis 
The aim of this work is to chemically modify carbon paste and pyrolytic graphite 
electrodes with nanomaterials and metallophthalocyanines, characterize these 
electrodes using cyclic voltammetry, scanning electron microscopy, transmission 
electron microscopy, X-ray diffraction, electrochemical impedance spectroscopy, X-
ray photoelectron spectroscopy and Raman spectroscopy, and employ them in the 
electrochemical detection of selected pesticides. 
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1.2 General Overview of Nanomaterials Employed in this Work. 
1.2.1 Carbon nanotubes 
Carbon nanotubes (CNTs) were originally reported in 1976 by Orbelin and Endo [63], 
while two years later Wiles and Abrahamson reported ―a thick matt of fine fibres and 
crystallites‖ [64]. However, the subsequent rediscovery of CNTs by Iijima in 1991 
[65] has led to the current surge in interest in these materials.  Since their 
discovery, CNTs have been used as catalysts in electrochemistry [66], diodes [67], 
transistors [68], and random access memory cells [69], to name but a few 
applications.  Many other uses for these nanomaterials are still being investigated.  
The reason for the exploding popularity of CNTs lies in their remarkable electronic 
and mechanical properties combined with their chemical stability.  The two principal 
forms of CNTs are single walled carbon nanotubes (SWCNTs) and multi walled 
carbon nanotubes (MWCNTs).  Structurally, SWCNTs can be approximated as a 
―rolled-up‖ graphite sheet typically 1-4 nm in diameter and several microns in length 
[69,70], as shown in Figure 1.11. 
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 Figure 1.11: Schematic representation of a rolled-up graphite sheet [70] 
Multi walled carbon nanotubes (MWCNTs) consist of several concentric tubes of 
graphene fitted one inside the other and are typically around 2 -25 nm in diameter 
(Figure 1.12) with a separation of about 0.36 nm between the concentric tubes 
[71].  It has been established that the walls of the MWCNTs are basal plane-like in 
behaviour, and the ends, edge plane-like. 
    
Figure 1.12:  a schematic representation of MWCNTs [71]. 
Rolled-up 
Graphite sheet SWCNT 
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Various morphological variations of MWCNTs are possible, depending on the 
conditions and the chosen method of CNT formation (Figure 1.13).  They can be 
produced in ―hollow-tube‖ form where the axis of the graphene planes is parallel to 
the axis of the nanotube, ―herringbone‖ form where the graphene planes are formed 
at an angle to the axis of the CNT, or finally, in a ―bamboo-like‖ form which is similar 
to the herringbone form except that the CNTs are periodically closed along the 
length of the tube into compartments rather like bamboo or a ―stack of paper cups 
fitted one inside the other‖ [26,72-74]. 
   
   ‗bamboo‘ MWCNTs 
   
   ‗herringbone‘ MWCNTs 
   
   Hollow Tube MWCNTs 
Figure 1.13:  A schematic cross-section through the various possible morphologies of 
MWCNTs showing the orientation of the graphene sheets within the tube [26,72-74]. 
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1.2.2 Nanoparticles  
In this work bulky phthalocynanine (Pc) powders will be converted to nanoparticles 
for use in electrocatalysis.  Nanoparticles are particles with a size lying in the range 
1-100 nm in all three dimensions.  They occupy a boundary between atoms and 
molecules on one side, and bulk (macroscopic) materials on the other.  That is, they 
are much larger than atoms, molecules and ions, but much smaller than physical 
bodies.  Nanoparticles may be individual particles or agglomerates.  The location of 
nanoparticles between macroscopic materials and atoms is responsible for their 
specific character.  From a chemical thermodynamics point of view, macroscopic 
materials (phases) are usually characterized by internal energy only, whereas only 
external energy is relevant to the case of atoms or simple molecules.  For 
nanoparticles, both external energy and internal energy are of equal importance 
[75]. 
1.2.2.1 Advantages of using nanoparticles in electroanalysis 
The preparation and characterization of nanoparticles has attracted a great deal of 
interest in the past two decades due to their ability to display optical, catalytic and 
structural properties that are not present in the corresponding isolated molecules 
and macroscopic materials [76-78].  One example is that of FeAl powder: while the 
conventional powder is nonmagnetic and brittle, it becomes ferromagnetic and 
ductile upon being made ultrafine [79].  With regards to electroanalysis, there are 
four main advantages to the use of a nanoparticle-modified electrode when 
compared to a macroelectrode [80]: high effective surface area, improved mass 
transport, catalysis, and control over local environment.  Nanoparticle modification of 
inexpensive material can lead to a larger surface area-to-volume ratio than for the 
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expensive metal electrode, thus lowering the cost of the electrode.  The large 
effective surface area may also result in a larger number of active sites and often a 
higher signal-to-noise ratio [81].  The small dimensions of nanoparticles bring about 
convergent rather than linear diffusion, resulting in a high rate of mass transport to 
the electrode surface. 
The catalytic properties of some nanoparticles can cause a decrease in the 
overpotential needed for a reaction to become kinetically viable, producing 
voltammetric scans which appear to be more reversible than that displayed by the 
same material in a macroelectrode form.  It has been shown [82] that modification 
of an electrode with gold nanoparticles results in a separation of the dopamine and 
ascorbic acid oxidation peaks, a phenomenon that is not observed when a bulk gold 
electrode is employed.  To explain this observation, it has been suggested that 
modification with gold nanoparticles increases the catalytic behaviour of the 
electrode towards the dopamine oxidation reaction, which causes separation of the 
dopamine and ascorbic acid oxidation peaks. 
The catalytic effects of some nanoparticles have been shown to be closely connected 
to the structure of their local microenvironment. It has been found [83] that addition 
of albumin to a preparation of gold nanoparticles led to a better dispersion of the 
nanoparticles in a carbon paste electrode, which increased the sensitivity of the 
electrode to hydroquinone and dopamine because electron transfer was better 
promoted.   
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1.2.2.2 Synthesis of Pc nanoparticles 
Some of the methods used in the preparation of metallophthalocyanine 
nanoparticles (nanoMPcs) are discussed below.  Such particles are used in this work.  
Only the first method was employed in this work although two methods are 
described. 
(i) The reprecipitation method 
In the reprecipitation method, a surfactant is added to a solvent in which the 
solubility of the Pc is poor.  An acid solution of the Pc is then added to the solvent 
with vigorous stirring at low temperatures to produce the nanoparticles.  For 
example, nanoparticles of oxovanadium phthalocyanine (VOPc) were prepared by 
dispersing a concentrated sulphuric acid solution of VOPc in water containing 
hexadecyltrimethyl ammonium bromide (C16H33N(CH3)3Br) under vigorous stirring at 
0-5C [84-88].  A colloidal solution of VOPc nanoparticles was obtained and washed 
to neutral with water.  By changing the surfactant and the concentration of  VOPc in 
concentrated sulphuric acid, VOPc nanoparticles with different particle sizes were 
prepared.   This method was employed in this work for the production of FePc, 
CoPc, MnPc, and NiPc nanoparticles (FePcNPs, CoPcNPs, MnPcNPs, and NiPcNPs). 
(ii) The laser ablation method 
In this method, the Pc is suspended in a solvent in which it does not dissolve, and 
exposed to a laser beam.  For example, when VOPc crystalline powders were 
suspended in water by sonication, an opaque mixture was observed.  When the 
mixture was exposed to laser pulses, the solution became blue and transparent.  It 
was then confirmed by UV-spectroscopy that the blue solution is a colloidal solution 
of VOPc nanoparticles [89]. 
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The laser ablation method realizes the production of ultra-pure nanoparticles without 
any toxic substances, which allows for the functionalization of the nanoparticle 
surface.  A recent refinement of the method involves the use of  ultra-short 
femtosecond (fs) pulsed laser radiation [90].  Such ablation allows for a much better 
control of the size and dispersion of nanoparticles produced in water by changing 
the radiation intensity [91].  Table 1.1 contains a list of Pcs which have been 
produced in nanosized form, and the analytes electrocatalysed [84-88, 92,93]. 
As the table shows, very little electroanalysis work has been done with nanoMPcs on 
their own, and the listed nanoMPcs have not been used in the analysis of pesticides.  
Secondly, a combination of MPc nanoparticles and carbon nanotubes has been used 
only once in electrocatalysis [94], and the method was not used in the analysis of 
pesticides. 
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Table 1.1: List of MPcNP complexes and their uses in electrocatalysis.  The electrodes employed are 
also included. 
nanoMPc 
catalyst 
Electrode material Use in electrocatalysis Reference 
VOPc No electroanalysis, nanoparticles are characterized 84 
ZnPc and NiPc Carbon paste electrode To monitor hydrogen 
evolution 
85 
CoPc  Glassy carbon  electrode Ascorbic acid detection 86 
CoPc Pyrolytic graphite electrode 
(modified with the 
nanoCoPc and glucose 
oxidase 
Glucose biosensor 
development 
87 
CoPc Glassy carbon electrode 
(modified with nanoCoPc 
and graphene) 
Electrochemical reduction of 
tert-butyl hydroperoxide 
88 
CuPc No electroanalysis, nanoCuPc dispersed in thin polystyrene 
films. 
92 
CuPc No electroanalysis, CuPc nanoparticles are characterized 93 
 
1.2.3 Aim of this thesis 
Very little work has been done on the modification of carbon electrodes with 
MPcNPs, therefore one of the aims of this thesis is to use MPcNPs as modifiers in 
carbon paste electrodes.  Also, not much has been done on the modification with a 
combination of MPcNPs and carbon nanotubes, therefore in this work a combination 
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of MPcNPs and multiwalled carbon nanotubes will be used to modify a pyrolytic 
graphite electrode.   
1.3 General Properties of Metallophthalocyanines (MPcs) 
Metallophthalocyanines (MPcs) were discovered by accident in 1928 during the 
course of industrial production of phthalimide at the Grangemouth plant of Scottish 
Dyes Ltd, which later became of Imperial Chemical Industries [95,96].  MPcs are 
planar, 18 -electron macrocyclic aromatic compounds consisting of four isoindole 
subunits linked together by aza nitrogen atoms [97] (see Scheme 1.1).  
 A wide range of metals and metalloids, ranging from the groups I and II to the 
lanthanides and actinides [98-102], can be introduced to the central cavity of the 
phthalocyanine (Pc). 
1.3.1 Synthesis of metallophthalocyanines 
There are a number of different routes [103,104] for the preparation of 
metallophthalocyanine complexes (Scheme 1.1).  The commonly used routes are: 
(i)  The reaction a mixture of metal salt (or metal), phthalic anhydride and urea 
in a refluxing solvent in the presence of a catalyst (route 1).  This route 
requires inexpensive starting materials, thus making it the preferred route for 
large-scale production of MPc complexes [95]. 
(ii)  The phthalonitrile route (route 2), on the other hand, is expensive but gives 
high purity products.  Thus, the phthalonitrile route is used in the synthesis 
of MPcs used for technology applications where high quality and high purity, 
rather than cost, are the major considerations.   
(iii)  Metallophthalocyanines can also be synthesized by the reaction of, o-
cyanobenzamide (route 3) with metal salts in high boiling solvents [105]. 
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(iv) The other synthesis route for MPcs is that of the reaction of 
diiminoisoindoline with metal salt, urea, catalyst and solvent (route 4).  There 
are other methods which will not be discussed here. 
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Scheme 1.1: Synthesis of MPc using different precursors as starting materials 
MPc complexes may also be synthesized through the use of micro-wave irradiation 
[106,107].  The microwave method is fast and eliminates the use of solvents.  Due 
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to strong intermolecular cohesion, most unsubstituted MPcs are non-melting, 
insoluble solids.  However, the introduction of substituents on the Pc rings 
dramatically changes their basic properties, such as electrochemistry and solubility 
[108-113].  A substituted MPc complex is obtained by cyclotetramerization of the 
appropriate substituted phthalonitrile derivative, thereby making it possible to 
introduce up to four substituents into each of the four benzo subunits.  For example, 
the soluble, peripherically octasubstituted MPc (MPcR8, where R = substituent) 
complexes are normally synthesized from the disubstituted phthalonitrile (Scheme 
1.2) and the metal salt [111,114].   
 
 
Scheme 1.2: Synthetic route for peripherically octasubstituted MPcs from substituted 
phthalonitrile. 
Water-soluble MPc complexes are obtained by the introduction of sulphonic, 
carboxylic, or phosphoric acid groups on the annellated benzene rings [115].  Axial 
ligand substituents can be introduced onto an appropriate central cation (e.g. SiPc) 
held within the central cavity of the MPc [116,117]. 
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1.3.2 Electronic absorption spectrum of MPcs. 
Metallophthallocyanine complexes show a number of strong characteristic 
absorptions in the visible and ultraviolet regions.  Figure 1.14 shows the 
ultraviolet/visible (UV/Vis) absorption spectrum of a typical metallophthalocyanine. 
    Figure 1.14:  Typical UV/Vis spectrum of a MPc 
This spectrum is characterized by distinct bands which arise primarily from the  to 
* transitions within the delocalized phthalocyanine ring system.  The isolated band 
in the far-red end of the visible region, which appears around 670-800 nm region is 
known as the Q band.  The less intense band in the blue end of the UV region (near 
300 – 370 nm) is called the B (or Soret) band, which is a result of a superimposition 
of two bands, B1 and B2 [118-120].  The origin of these first two -* transitions is 
depicted in Figure 1.15. 
 
250 350 450 550 650 750
A
bs
or
ba
nc
e 
Wavelength (nm) 
N
N
N
N
N
N
N
N
M
....
....
Q-band 
B-band 
Charge-transfer band 
35 
 
     
                                     
 
 
 
 
 
 
 
 
 
 
Figure 1.15:  The origin of the Q and B absorption bands of phthalocyanines. 
According to Gouteman‘s four orbital model [121], the spectra of MPc complexes are 
due to transition of electrons from the highest occupied molecular orbital (HOMO) of 
 nature to the lowest unoccupied molecular orbital (LUMO) of * nature.  The Q 
and B bands arise from electronic transitions from the HOMO a1u() (Q band), and 
a2u() and b2u (B band) to the LUMO, eg orbital [120], Figure 1.15. 
 Additional absorptions that are seen in the spectra of MPc complexes have been 
assigned to charge transfer (CT) transitions. With the exception of d0 or d10 metals, 
CT transitions, either metal to ligand (MLCT) or ligand to metal (LMCT), can be 
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expected to occur as weak bands between the Q and B bands, normally in the 400-
500 nm region [120,122,123,].  As an illustration, Figure 1.16 shows the possible 
symmetry allowed transitions for a low spin d6 metal complex [120]. 
 
 Figure 1.16:  Charge transfer transitions between the metal and the Pc ring 
A nomenclature proposed by Platt and his co-workers [124] is generally used to 
describe the bands in the UV/Vis region of MPc spectra.  Additional bands (N, L and 
C) have been identified in the UV region of the absorption spectra of MPcs, in 
transparent solvents such as dichloromethane.  
MPcs form aggregated species in solution.  There are three major ways [120] by 
which MPcs may form dimeric (or polymeric) species: 
(i) direct linkage or bridge between two or more Pc rings  whose rings are 
close enough in space to allow intermolecular association [125]. 
(ii) covalent bonding involving the metal as -oxo links, especially for Fe 
and Si containing Pcs [126]. 
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(iii) sandwich-type complex formation, whereby two Pc rings share one 
central metal [127-129]. 
Aggregation results in spectral effects such as broadening of bands, blue or red 
shifting of the Q band and the splitting of the Q band.   
1.3.3 Electrochemical behaviour of metallophthalocyanines 
The MPc ring carries two negative charges in its common oxidation state, designated 
as Pc-2 [130].  Reduction and oxidation reactions can occur at either the Pc ring or 
central metal or both.  Oxidation at the Pc ring in MPc-2 occurs by successive loss of 
one or two electrons from the HOMO resulting in the formation of the [MPc-1]+ and 
[MPc0]2+. cation radicals, respectively.  The formation of [MPc-1]+.  creates a hole in 
the a1u() level, thus permitting an allowed transition from the low-lying eg() level.  
The presence of [MPc-1]+. is normally characterized by a loss of intensity in the Q 
band, formation of weak bands in the 700 – 825 nm region, and a broad band near 
500 nm.  The band around 700 nm is usually associated with the dimerization of the 
radical species [131-136].  Reduction of the Pc ring occurs by the successive gain of 
one to four electrons by the LUMO of the MPc complex, resulting in the formation of 
MPc-3, MPc-4, MPc-5 and MPc-6 species [120, 137-147].  Figure 1.17 shows the 
energy level diagram for one-electron ring reduced or ring oxidized MPc complex. 
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Figure 1.17: A simplified energy level diagram of ring-oxidized and ring-reduced 
metallophthalocyanine species  
Cyclic voltammetry provides a rapid assessment of the electrochemical properties of 
MPc species, such as establishing whether the electron transfer process is 
electrochemically reversible or not, and whether there are coupled chemical 
reactions involved.  On a broader scale, ring reduction processes are often 
electrochemically reversible, while ring oxidation processes, especially those 
associated with MPc(0)/MPc(-1), are often irreversible. 
The central metal ion of the MPc may or may not undergo redox processes, 
depending on its position on the Periodic Table.  Transition metal MPcs whose metal 
ions have no accessible d-orbital levels lying in the HOMO-LUMO gap (e.g. ZnPc) and 
main group MPcs (e.g. MgPc) are redox inactive with respect to their metal centers 
[148-151].  For these complexes, all redox processes occur exclusively on the Pc 
ring.  For main group MPcs, the first ring oxidation is separated from the first ring 
reduction by approximately 1.6 V.  This potential difference corresponds to the 
magnitude of the difference between the HOMO and the LUMO [120,148]. 
On the other hand, redox active transition metal MPcs (e.g. FePc, CoPc and MnPc 
complexes) have the d-orbitals of the central metal lying within the HOMO-LUMO 
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gap.  The redox properties for these species occur both on the Pc ring and on the 
central metal depending on factors within the environment of the MPc such as the 
nature of the axial ligand, solvent, electrolyte and ring substituents [119,122,152-
154].  Metal oxidation or reduction is characterized by a shift in the Q band without 
much reduction in intensity [155]. 
1.4 Electrocatalysis  
1.4.1 Using cyclic voltammetry. 
Electrocatalysis using cyclic voltammetry is characterized by an enhancement of 
either the cathodic or anodic currents, or an absence of a reverse peak, and/or a 
shift in redox potentials to lower values [2].  Hypothetical cyclic voltammogramms 
showing the electrocatalytic behaviour of a catalyst (Ct) towards the oxidation of an 
analyte (A) are shown in Figure 1.18. 
  
    Figure 1.18: Cyclic voltammogram showing electrocatalytic behaviour. 
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1.4.2 Using chronoamperometry 
In chronoamperometry, a potential step is applied, and the current response and its 
variation with time registered.  A potential step is a change in potential from a value 
where there is no electrode reaction to a value where all the electroactive species 
that reach the electrode surface react.  The solution is not stirred, and the potential 
step usually crosses the formal potential of the analyte.  This gives rise to a 
diffusion-limited current whose value varies with time.  The Cottrell equation 
(equation 1.8) relates the diffusion-limited current to the time, t, elapsed. 
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where n = number of electrons transferred, F = Faraday constant, D = diffusion 
coefficient, A = geometrical area of the electrode, c = concentration of solution, and 
t = time interval.  The current decreases with t1/2, and a Cottrell plot of I(t) against t 
results in a graph with the shape shown in Figure 1.19 [4]. 
  
Figure 1.19:  Variation of current with time according to the Cottrell equation. 
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When the potential is stepped to a potential that either oxidizes or reduces the 
analyte, a current begins to flow at the electrode.  This current is quite large at first, 
but it rapidly decays as the analyte near the electrode surface is consumed, and a 
transient signal is observed.  Chronoamperometry can be used to evaluate the 
catalytic rate constant (k) for an electrocatalysed oxidation or reduction of an 
analyte in solution.  Equation 1.9 [156]:  
  
    
  
     (    )
         1.9,  
 where Icat and IL are the currents of the catalyst-modified working electrode in the 
presence and absence of the analyte, respectively, C0 is the bulk concentration of 
the analyte, and t represents the time interval where Icat is dominated by the rate of 
oxidation or reduction of the analyte [156], can be used to determine the catalytic 
rate constant (k).  This is done by plotting Icat/IL against t
1/2 and evaluating k  from 
the slope of the straight line obtained.   
1.4.3 Using electrochemical impedance spectroscopy 
 The rate of electron transfer at the electrode surface is expected to increase when a 
catalyst is attached to the bare surface.  That is, the electron-transfer resistance 
(Ret) at the electrode surface should decrease when a catalyst is used as the 
modifier.  The semi-circle diameter (= Ret) in the Nyquist plot discussed earlier is 
expected to be smaller when an electrode is modified with a catalyst than when it is 
bare.  Therefore, a comparison of the semi-circles obtained from the bare and 
modified electrodes determines whether the modifier is a catalyst or not.  Depending 
on the efficiency of the catalyst, Ret can be so low (that is, the rate of electron 
transfer so high) that it is insignificant when compared to ZW, the Warburg 
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impedance due to diffusion of the ions of the redox probe through the solution.  In 
that case, the Nyquist plot obtained is a 45 straight line through the origin, as 
explained earlier [50].  
1.4.4 Use of MPcs in electrocatalysis 
Metallophthalocyanines have the ability to gain or loose many electrons and still 
retain their molecular structure and stability [157] due to their dual donor -acceptor 
function.  This property accounts for their ability to exhibit electrocatalytic activity 
towards various technologically important redox reactions ranging from use in 
organic synthesis, removal of waste from water, to detection of low concentrations 
of compounds [158,159].  The electrocatalytic activity is believed to be mediated by 
the metal and/or the ring [33,115,157,160,161] because electrocatalytic activities 
are generally observed at potentials close to those of the metal and/or the ring 
[161,162].  The catalytic activity of the MPc complex largely depends on the 
particular central metal and the total oxidation state of the complex as well as the 
presence of substituents on the MPc backbone [115]. 
The established mechanism [33,157,163-165] of electrocatalysis by MPcs is believed 
to be a two-step process initiated by the electrochemical oxidation of the central 
metal or the ring, followed by the transfer of electrons from the species being 
oxidized to the metal or the ring, regenerating the initial catalyst.  Equations 1.10 
and 1.11 show that the mechanism for metal-based electrocatalytic oxidation of an 
analyte: 
 MIIPc-2             MIIIPc-2    +    e-   1.10 
 MIIIPc-2   +   A      MIIPc-2  +  Aox   1.11 
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where A is the analyte of interest and Aox is the oxidation product of A.  Similarly, 
equations 1.12 to 1.14 describe the mechanism for a ring-mediated electrocatalysis 
[163]. 
 MPc-2     [MPc-1]+ + e-  1.12 
 2[MPc-1]+  ([MPc-1]+)2    1.13 
 ([MPc-1]+)2   +  2A    2MPc
-2 +     2Aox  1.14 
In this work MPcs (in bulky and nanosized form) have been combined with 
multiwalled carbon nanotubes and employed in electroanalysis.  Table 1.2 lists 
MPc‘s that have been used in combination with carbon nanotubes (single-walled and 
multi-walled), and the analytes involved [166-205].  The electrodes used are also 
included. 
 
From Table 1.2 it is clear that combinations of MPcs and SWCNT (composite or 
linked) have been employed extensively in electrocatalytic determination of analytes 
of interest, including pesticides and herbicides, although nanosized MPcs and 
SWCNT have been used only once before [187]. It is also clear from the table that a 
combination of MWCNT and MPcs (bulky) has rarely been used for pesticide 
electroanalysis, with carbaryl [195] being the only pesticide analysed.  Again, a 
combination of nanosized MPcs and MWCNTs has been employed only once before 
[193], but not for pesticide determination.  It is also clear that even though the 
analysis of amitrole has been reported on SWCNTs/Pc conjugates, there have been 
no reports on asulam.  There have also been no reports on the analysis of amitrole 
and asulam on MWCNTs/Pc conjugates. 
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Table 1.2:  List of MPc-CNT complexes and the analytes whose oxidation or reduction they catalyse.   
MPc + CNTa Electrode Analyte Reference 
CoTCPc-SWCNT 
               
GCE Diuron 166 
TaPc-SWCNT 
 
Gold disk 
electrode 
Bisphenol A 167 
CoMCPc-SWCNT 
 
GCE Amitrole and diuron 168 
CoPc-SWCNT and NiTSPc-SWCNT GCE 2-mercaptoethanol, 
nitric oxide 
169 
NiTAPc-SWCNT GCE 2-mercaptoethanol 170 
CoTAPc-SWCNT GCE 2-mercaptoethanol 171 
PdPc-SWCNT  4-nitrophenol 172 
CoTOBPc-SWCNT 
 
GCE Amitrole 173 
CoPc-SWCNT GCE Hydrazine 174 
CoTAPc-SWCNT and 
Mn(OH)TAPc-SWCNT 
Screen-
printed gold 
electrode 
H2O2  175 
PbPc-SWCNT  NH3 gas 176 
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FePc-SWCNT Gold 
electrode 
 177 
FeOHETPc-SWCNT-Cys 
 
Gold 
electrode 
Thiocyanate 178 
CoTAPc-SWCNT-AET 
 
Gold 
electrode 
Dopamine 179 
CoTAPc-SWCNT-Cys Gold 
electrode 
Epinephrine 180 
CoMAPc-SWCNT 
 
GCE Amitrole 181 
FeTAPc-SWCNT GCE Amitrole and diuron 182 
CoPc-SWCNT Screen-
printed 
electrode 
Thiocholine 183 
CoTAPc-SWCNT Basal plane 
pyrolytic 
graphite  
(BPPGE) 
DMAET 
(dimethylaminoethanol) 
and DEAET 
(diethylaminoethanol) 
184 
CoTCPc-EA-SWCNT GCE Amitrole 185 
CoOBCPPc-SWCNT GCE NADH 186 
nanoFePc-SWCNT Au electrode H2O2 187 
CoTAPc-MWCNT GCE H2O2 188 
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CoPc-MWCNT GCE Bisphenol A 189 
CoPc-MWCNT GCE Ascorbic acid 190 
CoPc-MWCNT CPE Epinephrin 191 
PbPc-MWCNT Gold 
electrode 
NH3 gas 42 
nanoFeTSPc-MWCNT GCE Dopamine 192 
CoPc-MWCNT, CuPc-MWCNT Thin film (no 
electrode) 
H2O2 193 
CoPc/MWCNT GCE Carbaryl 194 
CoPc/MWCNT GCE Oxygen reduction 
reaction 
195 
FePc/ Amino-MWCNT GCE Oxygen reduction 
reaction 
196 
CoPc/MWCNT MWCNT/CoPc 
paste 
Guanine (nucleic acid 
base) 
197 
CoPc/ MWCNT/PAMAN 
 
GCE DNA biosensor 198 
FeOBSPc/MWCNT and CoOBSPc- 
MWCNT 
EPPGE Oxygen reduction 
reaction 
199 
CoPc/ MWCNT GCE Phenolic compounds 
after benzene oxidation 
200 
FePc/MWCNT/PEDOT GCE Nitrite 201 
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FePc/MWCNT GCE Dopamine (in the 
presence of serotonin) 
202 
CoTtBPc/MWCNT  GCE Oxygen reduction 203 
Nafion/GOD/poly-NiTSPc/MWCNT GCE Glucose biosensor 204 
PtFeOCPc-MWCNT EPPGE Oxygen reduction 
reaction 
205 
a
 CoTCPc=Co(II)tetracarboxy phthalocyanine, TaPc=Tantalum phthalocyanine, CoMCPc=Co(II)-
tris(benzyl-mercapto)-mono(carboxy phenoxy)-phthalocyanine, CoTOBPc=2,(3)-tetra-(4-oxo-
benzamide) phthalocyaninato Cobalt(II), FeOHETPc=octa(hydroxyethylthio) pthalocyaninato iron(II), 
AET=aminoethanethiol, FeTSPc=iron tetrasulphophthalocyanine, CoMAPc=Cobalt(II)-tris(benzyl-
mercapto)-monoaminophthalocyanine, PAMAN=poly(amido amine), OBSPc=octabutylsuphonyl 
phthalocyanine, PEDOT=poly(3,4-ethylenedioxytheophene), CoTtBPc=cobalt(II)tetra-tert-
butylphthalocyanine, GOD=glucose oxidase 
 
1.4.5 Aims of this work 
One of the aims of this work is to modify electrodes with a combination of 
metallophthalocyanines (in their normal bulky, powdered form or nanosized) and 
multiwalled carbon nanotubes, and employ such modified electrodes in the 
electrocatalytic determination of pesticides.  The use of metallophthalocyanine 
nanoparticles and multiwalled carbon nanotubes as electrocatalysts in pesticide 
analysis is rare, and this study aims to contribute to the body of work in this field.    
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1.5 Overview of Analytes Used in this Work. 
1.5.1 Amitrole 
Amitrole (3-amino-1,2,4-triazole, also known as aminotriazole) (Figure 1.20) is a 
non-selective herbicide that is widely used as an industrial herbicide to control weeds 
along road and railway tracks and also in agriculture, in mixed formulations with 
other chemical agents [206].  Its low volatility and excellent solubility in water make 
it a potential contaminant to ground and drinking water [207,208].  The scarcity of 
data on amitrole in environmental water is explained by the difficult determination of 
this compound at trace levels in water, because there is no efficient procedure that 
allows its extraction from aqueous samples. 
    
N
H
N
N
NH2   
     Figure 1.20: Structure of amitrole  
 
Amitrole causes alveolar damage due to inhalation [209], and is a carcinogernic 
agent in animals [210].  The Environmental Protection Agency (EPA) of the United 
States of America cancelled the use of this herbicide for food crops in 1971 [211].   
Different high performance liquid chromatography (HPLC) methods have been 
described in the literature [212, 213] to determine amitrole derivatives.  Due to the 
49 
 
high polarity of this compound, its determination by reversed-phase HPLC with the 
usual aqueous phases is not possible, since the resolution between the amitrole and 
solvent peaks is poor [214].  Determination of amitrole by gas chromatography is 
also difficult, owing to its high polarity and low volatility. Since amitrole is ionized at 
low pH, ion-exchangers can be used for its extraction from water.  However, the 
presence of inorganic cations causes a rapid solution of amitrole in drinking water, 
even after the standard chemical pretreatment to remove these cations before the 
extraction [215-217]. The presence of amitrole in plants can also be detected by 
using fluorescence techniques [218].  Paper chromatography and thin layer 
chromatography (TLC) have also been used for a quantitative estimation of amitrole 
[219].  The major draw-back of all these methods is that preliminary extraction and 
concentration from the aqueous medium is necessary before trace amounts of 
amitrole can be quantitatively determined. 
Previously, amitrole has been determined by electrochemical detection after 
chromatographic separation [213].  In this method, a gold disk electrode was used 
as the working electrode, and the oxidation potential for amitrole was 0.225 V.  
Direct electrochemical detection of amitrole using electrodes modified with MPcs 
alone or in combination with carbon nanotubes is a recent, attractive development 
(see [168,173,181,182,185] in Table 1.2).  Surprisingly, detection of amitrole with 
electrodes modified with MPc complexes alone is very rare, although these 
complexes are known for their electrocatalysing ability.  Also, modification of 
electrodes with a combination of MPcs and MWCNTs has not been attempted before 
for the purpose of amitrole detection.   
50 
 
1.5.2 Asulam 
Asulam (methyl-4-aminophenyl-sulphonylcarbamate) (Figure 1.21) is a herbicide 
used in weed control.  It is soluble in water and it can easily migrate from the soil to 
crops and enter the food chain.  Depending on rainfall conditions and soil properties, 
the herbicide can reach ground waters where, due to the absence of microbial 
activity, degradation processes are very slow and accumulation phenomena can 
easily lead to toxic levels [220]. 
   
NH2 S NH
O
O
O
O
CH3
 
     Figure 1.21: Structure of asulam 
A recently developed method for the detection of asulam involves the incorporation 
of dispersive liquid-liquid micro extraction (DLLME) into a micellar electrokinetic 
chromatograph (MEKC) coupled to a mass spectrometer, and the limit of detection 
obtained was 1.4 ng/L [221].   Chicharro at al [222] employed the same method, 
without DLLME, but using a glassy carbon electrode modified with MWCNTs for 
electrochemical detection.   A flow-multicommutation method for the photo-
chemiluminometric determination of the herbicide has also been employed [223], 
and a stopped-flow method based on asulam‘s inhibiting effect on the horse radish 
peroxidase-luminol-hydrogen peroxide chemiluminescence reaction [224] has been 
developed.   Other chromatographic and electrophoretic methods that have been 
used in the past include capillary isotachophoresis [225], electrokinetic capillary 
chromatography with simultaneous UV and electrochemical detection (in tap water) 
[226], thin-layer chromatography (TLC) (in soil) [227], HPLC-UV absorption (in 
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water) [228], HPLC-fluorescence detection in combination with pre-column 
derivatization with fluorescamine [229], and gas chromatography-mass spectrometry 
(in water) [230]. 
Only a few methods involving electrochemical detection have been mentioned in the 
literature [223,226,231,232], and of these, only one [231], is a strictly 
electrochemical method that is not combined with other methods.  Table 1.3 shows 
a list of the electrochemical methods used for asulam detection and the conditions 
under which they have been used. 
Table 1.3:  Different electrochemical methods to detect asulam. 
Electrode Electrolyte Potential/
V 
Detection 
Limit 
Linear 
range 
References 
MWCNT-glassy 
carbon 
electrode 
0.05 M 
phosphate 
buffer at pH 
7 
1.0 ------------- ---------- 223 
Glassy carbon 
electrode 
attached to a 
capillary 
electrophoresis 
instrument 
0.02 M boric 
acid at pH 
8.20 + 0.025 
M SDS  
0.90  1.7 M 1.0 – 25.0 
mg.L-1 
226 
Glassy carbon 
electrode 
0.3 M 
Britton-
Robinson 
buffer at pH 
1.9 
1.20 7.1 M 1.0 – 9.0  
10-5 M 
231 
Reticulated 
vitrous carbon 
electrode within 
a liquid 
chromatography 
system 
Solution of 
0.01 M 
Na2HPO4, 
0.015 M 
KH2PO4, 0.10 
M NaOOCCH3 
at pH 7.0 + 
methanol 
(1:1) 
1.25 ---------------- ------------- 232 
52 
 
1.5.3 Aims of this work 
Very little work has been done on the electrochemical detection of asulam, and the 
measuring potentials in the published work are very high.  This may result in fouling 
of the electrode surface.  Metallophthalocyanines (bulky or nanosized) have not 
been used before in the detection of asulam.  Although a combination of MPcs with 
multiwalled carbon nanotubes has been employed before in electrochemical 
analyses, its use in pesticide analysis is very rare, and in fact, such a combination 
has not been reported for the detection of asulam.  Amitrole (or any other pesticide) 
has not been determined with nanosized MPcs alone as electrocatalyst, and a 
combination of nanosized MPcs and multiwalled carbon nanotubes for pesticide 
analysis has also not been reported.   
In this work, as opposed to SWCNTs which have been reported, 
metallophthalocyanine nanoparticles and multiwalled carbon nanotubes are 
employed for the first time in the electrochemical detection of asulam and amitrole. 
1.6 Summary of Aims 
In summary, the aims of this thesis are as follows: 
 the chemical modification of carbon paste electrodes with nanoparticles of 
metallophthalocyanines and the use of the modified electrodes in the 
detection of amitrole and asulam. 
 modification of pyrolytic graphite electrodes with metallophthalocyanine 
nanoparticles and multi-walled carbon nanotubes, and the use of such 
electrodes in the detection of amitrole and asulam. 
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 characterization of the different chemical modifiers and modified electrodes 
using different methods, to confirm the formation of modifiers and their 
attachment to the electrode surface. 
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Chapter 2 
 
Experimental 
 
In this chapter the different experimental methods followed, and materials and 
equipment used, are presented. 
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2.1 Materials 
Amitrole, asulam, graphite powder (1-2 m, synthetic), mineral oil (nujol), iron 
phthalocyanine (FePc), cobalt phthalocyanine (CoPc), manganese phthalocyanine 
(MnPc), nickel phthalocyanine (NiPc), multi walled carbon nanotubes (length: 5-
20m, diameter: 15  5 nm), potassium chloride, potassium ferricyanide, potassium 
ferrocyanide, dimethyl sulphoxide (DMSO) and dimethyl formamide (DMF) were 
obtained from Sigma-Aldrich, SAARCHEM, Fluka or Merck, and were of analytical 
grade.  The DMSO and DMF were dried before use.  Iron(II) tetra-
aminophthalocyanine (FeTAPc), Co(II)tetra-aminophthalocyanine (CoTAPc), 
manganese tetra-aminophthalocyanine (MnTAPc) and nickel tetra-
aminophthalocyanine (NiTAPc) were prepared by following established procedures 
[233-235].  Basal plane pyrolytic graphite was obtained from Le Carbone (Sussex, 
UK), Norton carborundum paper (1200 c) was obtained from Saint Gorbain Abrasives 
(pty) Ltd, Isando, South Africa.  Hexadecyltrimethyl ammonium chloride (CTACl), 
tetrabutylammonium tetrafluoro borate (TBABF4), disodium hydrogen 
orthophosphate, sodium dihydrogen orthophosphate, dipotassium hydrogen 
orthophosphate, potassium dihydrogen orthophosphate, phosphoric acid and sodium 
hydroxide were of analytical grade and were used as received without further 
purification.  Ultrapure water of resistivity 18.2 W was obtained from a Milli-Q Water 
System (Millipore Corp., Bedford, MA, USA).   
2.2 General Equipment 
(1) Electrochemical impedance spectroscopy (EIS) measurements, were 
performed with an Autolab Potentiostat PGSTAT 30 (Eco Chemie, Utrecht, 
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The Netherlands) driven by a General Purpose Electrochemical Systems data 
processing software (GPES, software version 4.9) 
 (2) X-ray photoelectron spectra (XPS) were recorded with a Physical Electronics 
model 5400 spectrometer system equipped with an Mg/Al dual source and a 
small area analyzer with a photon stimulated desorption (PSD) detector. An 
achromatic Mg K X-ray (1,253.6 eV) source was operated at 300 W. Indium 
oxide was used as the substrate. 
(3) Scanning electron microscopic (SEM) images of the bulk and nano-scaled 
MPcs were obtained using a JEOL JSM 840 scanning electron microscope at 5 
kV accelerating voltage.  Solid powder samples were sputtered on a piece of 
carbon tape which was placed on an aluminium stub sample holder. 
(4) Transmission electron microscope (TEM) pictures were obtained using a JEOL 
JEM 1210 transmission electron microscope at 100 kV accelerating voltage. 
Sample suspensions were prepared in ultra-pure Milli-Q water or DMF with 
ultra-sonication for 1 hour. 
(5) Shimadzu UV - 2550 spectrophotometer was used to collect UV-Vis spectral 
data. 
(6) X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 
Discover, equipped with a PSD LynxEye detector, using Cu-Kα radiation (  = 
1.5405 Å, nickel filter).  Samples were placed on a zero background (511) 
silicon wafer embedded in a generic sample holder and data recorded within 
the range 2 = 5º to 100º, scanning at 1º min-1 with a filter time-constant of 
2.0 s per step at room temperature.  A slit width of 6.0 mm was used in the 
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measurements.  X-ray diffraction data were fitted using Eva (evaluation curve 
fitting) software, while analysis of data was done using International Center 
Diffraction Data (ICDD) database. 
(7) A Bruker Vertex 70 - Ram II spectrometer (equipped with a 1064 nm Nd:YAG 
laser and a liquid nitrogen cooled germanium detector) was used to collect 
the Raman data.  The spectral data for the MPcs and the MPcNPs/MWCNT 
(composite) were obtained in their solid powder forms (using KBr for 
dilution).   
2.3 Activation of graphite 
Activation of the graphite leads to generation of carboxylic and/or hydroxyl 
functionalities at the graphitic carbon surface [15].  Thus, the fragments become 
markedly hydrophilic and repel hydrophobic molecules of the binder used to make 
the graphite paste. The activation method used in this work involved washing the 
graphite with acetone, then with a 1:3 mixture of HCl and HNO3, and finally with 
pure distilled water. The graphite sediment was then dried in an oven for 4 h at  
400 ◦C.                                                                                           
2.4 Synthesis of nanoparticles of metallophthalocyanines 
The MPc nanoparticles (MPcNPs) were synthesized as described previously for 
CoPcNPs [85,86,236] with a slight modification.  Briefly, 0.15 g MPc was dissolved in 
5 ml of 98% concentrated sulphuric acid.  The solution was then added drop-by 
drop into a vigorously stirred 300 mL aqueous solution containing 0.45 g 
hexadecyltrimethyl ammonium-chloride (CTACl). The resulting solution was 
centrifugally separated.  The obtained sediment was washed repeatedly with water 
until neutral. It was then vacuum-dried to obtain the MPcNP powder. 
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2.5 Purification of MWCNTs 
The MWCNTs were purified as described previously [237].  Briefly, 1 g of MWCNTs 
was added to 140 ml of 2.6 M HNO3, and the mixture was refluxed for 45 h to expel 
spheroidal fullerenes, amorphous carbon and other unwanted species from the 
carbon nanotubes.  The carbon nanotube sediment, now consisting of purified 
‗endless‘ carbon nanotubes, was separated from solution and washed with distilled 
water. The carbon nanotubes were then cut into smaller pieces by sonication in a 
3:1 mixture of H2SO4 and HNO3 for 24 h.  To ensure that the carbon nanotubes were 
chemically clean and molecularly perfect, the sediment of cut carbon nanotube 
pieces was first washed with distilled water, then the ends of the carbon nanotubes 
were subjected to further etching by stirring in a 4:1 H2SO4/H2O2 mixture for 30 min 
at 70 C.  The carbon nanotubes were then washed again with distilled water. Due 
to exposure to strong acids in the purication steps outlined above, the carbon 
nanotube ends are terminated with carboxylic acid groups.  The purified MWCNT 
paste was then air-dried for 48 h. 
2.6 Preparation and Modification of Electrodes 
2.6.1 Carbon paste electrodes (CPEs) 
Mineral oil, activated graphite powder and MPcNPs (M=Fe, Co, Mn, Ni) were mixed 
in the ratio of 20:77:3 ratio (w/w) thoroughly, to obtain the MPcNP-modified 
graphite paste.  The graphite paste containing MPcNPs was packed firmly into the 
cavity (d = 3 mm) of a plastic pipette tip.  Electrical contact was established with a 
copper wire.  The resulting electrode was denoted as MPcNP-CPE.  The electrodes 
modified with the bulk MPc (MPc-CPE) and carbon paste alone (CPE) were prepared 
in a similar way.  The surface of each electrode was wetted with distilled deionised 
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water and polished with alumina paper (polishing strips 30144-001, Orion) before 
use. 
2.6.2 Basal plane pyrolytic graphite electrodes (BPPGE) 
The BPPGE disk (d =5 mm in Teflon) was fabricated in-house by Rhodes University 
Chemistry Machinery Workshop.  Electrical contact with the disk was obtained via an 
inserted copper wire held in place with conducting silver varnish L 100 (Kemo® 
Electronic, Germany).  A BPPGE was prepared for use or for further modification by 
renewing the electrode surface with cellotape [23,238].  This procedure involves 
polishing an old BPPGE surface on carborundum paper, pressing cellotape on the 
cleaned BPPGE surface and then removing the tape, along with several layers of 
graphite.  Before use, the electrode was then rinsed in acetone to remove any 
adhesive.  To prepare a carbon nanotube modified BPPGE (MWCNT–BPPGE), carbon 
nanotubes were abrasively immobilized onto the BPPGE by gently rubbing the 
electrode on a fine quality filter paper containing the carbon nanotubes [239].  To 
prepare a BPPGE modified with a MPcNP/MWCNT nanocomposite (M=Ni or Fe), the 
nanocomposite was first prepared as follows:  The MPcNPs were physically attached 
to the MWCNTs, through a - interaction, by mixing 1 mg of MWCNTs with 5 mg of 
MPcNPs in 10 ml of water, then stirring for 2 h, forming a MPcNP/MWCNT 
nanocomposite [240].  The MPcNP/MWCNT nanocomposite was separated from 
solution by filtration and air-dried for 48 h to form a powder.  The nanocomposite 
was then attached to the BPPGE surface in a manner similar to the attachment of 
the MWCNTs above, to form an MPcNP/MWCNT-BPPGE.  A MPcNP-BPPGE was also 
prepared by attaching MPcNPs to the BPPGE in a similar manner.  
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A MWCNT-BPPGE was also modified with bulk metal tetra-aminophthalocyanines 
(MTAPc, M = Co, Fe, Mn, and Ni).  To prepare a BPPGE or MWCNT–BPPGE modified 
with MTAPc, the electropolymerization method [4] was used.  Briefly, the BPPGE or 
MWCNT–BPPGE was immersed in a solution of 1×10−3 M MTAPc in dry 
dimethylsulphoxide (DMSO) containing 1×10−2 M tetrabutylammonium 
tetrafluoroborate (TBABF4) as the supporting electrolyte.  The solution was then 
scanned between pre-determined potential intervals for the different MTAPcs, to 
effect the electropolymerization.  To condition the MTAPc-modified MWCNT–BPPGE 
(poly-MTAPc–MWCNT–BPPGE) or poly-MTAPc–BPPGE for use in electrocatalytic 
studies, the electrode was then immersed in a 0.1M phosphate buffer solution of 
either pH 4.0 or pH 7.0, and scanned between −1.0 and 1.0V (versus Ag|AgCl) for 
50 cycles to obtain a stable cyclic voltammogram.                                                                                      
2.7  Electrochemical Methods 
All electrochemical experiments, including cyclic voltammetry (CV), square wave 
voltammetry (SWV), chronoamperometry (CA), and electrochemical impedance 
spectroscopy (EIS) measurements were carried out using the Autolab system 
mentioned earlier.  The parameters for the SWV were: step potential 5mV; 
amplitude 20 mV at a frequency of 25 Hz.  EIS measurements were performed 
between 1.0 Hz and 10 kHz using a 10 mV rms sinusoidal modulation.  
Chronoamperograms were obtained at an applied voltage of 0.42 V (versus Ag|AgCl 
for amitrole analyses and 0.65 V (versus Ag|AgCl) for asulam analyses.  A 
conventional three-electrode system was used.  The working electrodes used are 
listed in Table 2.1.   
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Table 2.1:  Working electrodes used in electrochemistry experiments 
Electrode Modifier Method of 
modification 
Electrode designation 
CPE Bulk CoPc, FePc, MnPc, 
NiPc and the 
corresponding 
nanoparticles (CoPcNP, 
FePcNP, MnPcNP, NiPcNP) 
Paste MPc-CPE or MPcNP-CPE  
(M = Co, Fe, Mn, Ni) 
BPPGE MWCNT 
MWCNT/MPcNP 
(M = Ni or Fe) 
Abrasive  MWCNT-BPPGE 
MWCNT/MPcNP-BPPGE 
BPPGE MWCNT/MTAPc 
(M = Co, Fe, Mn, Ni) 
Polymerization poly-MTAPc-MWCNT-BPPGE 
or poly-MTAPc-BPPGE 
 
A Ag|AgCl wire or Ag|AgCl (3 M KCl) was used as reference electrode and platinum 
wire was used as the counter electrode.   The potential response of Ag|AgCl wire 
pseudo-reference electrode in aqueous conditions was less than the normal Ag|AgCl 
(3M KCl) and SCE by 0.150.003 V and ~0.01 V, respectively. 
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Results and Discussion 
Publications 
Chapter 3 
Characterization of MPc nanoparticles (MPcNPs), MPcNP/MWCNT Composites and 
modified Electrodes. 
Chapter 4 
Electrochemical analyses with carbon paste electrodes modified with nanoparticles of 
MPcs. 
Chapter 5 
Electrochemical analyses with basal plane pyrolytic graphite electrode modified with 
MWCNT/NiPcNP and MWCNT/FePcNP nanocomposites. 
Chapter 6 
Electrochemical analyses with basal plane pyrolytic graphite electrode modified with 
MWCNTs and electropolymerized metal tetra-amino phthalocyanines (MTAPcs). 
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Publications 
 
The results discussed in the following chapters have been presented in the articles 
listed below, that have been published in peer-reviewed journals. These articles 
have not been referenced in this thesis: 
1. Electrocatalytic behaviour of carbon paste electrode modified with iron(II) 
phthalocyanine (FePc) nanoparticles towards the detection of amitrole. 
Msimelelo Siswana, Kenneth I. Ozoemena, Tebello Nyokong, Talanta, 2006, 
69, 1136. 
2. Electrocatalysis of asulam on cobalt phthalocyanine modified multi-walled 
carbon nanotubes immobilized on a basal plane pyrolytic graphite electrode. 
Msimelelo Siswana, Kenneth I. Ozoemena, Tebello Nyokong, Electrochimica 
Acta, 2006, 52, 114.   
3. Electrocatalytic Detection of Amitrole on a multi-walled carbon nanotube – 
Iron(II)tetra-aminophthalocyanine platform.  
Msimelelo Siswana, Kenneth I. Ozoemena, Tebello Nyokong, Sensors, 2008, 
8, 5096. 
4. Nanostructured nickel (II) phthalocyanine—MWCNTs as viable nanocomposite 
platform for electrocatalytic detection of asulam pesticide at neutral pH 
conditions.  
Msimelelo Siswana, Kenneth I. Oezomena, Tebello Nyokong, 
 J Solid State Electrochem, 2010, 14, 1351. 
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Chapter 3 
 
Characterization of MPc Nanoparticles (MPcNPs), 
MPcNP/MWCNT Composites and Modified 
Electrodes. 
 
In this chapter, the techniques employed in the characterization of MPcNPs, 
MPcNP/MWCNT composites and modified electrodes are presented. 
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3.1 Characterization of MPcNPs 
In this work, nanoparticles of MPcs (M = Mn, Fe, Ni and Co) were employed in the 
chemical modification of carbon paste and BPPG electrodes.  The MPcNPs were 
characterized using transmission electron microscopy (TEM), X-ray diffraction (XRD) 
and UV/Vis spectroscopy.  The characterization of NiPcNPs is presented as an 
example.                                                                                                    
3.1.1 Transmission electron microscopy  
Figure 3.1 shows TEM micrographs of NiPcNPs.  The average diameter of the 
nanoparticles (calculated from measured diameters of the particles) is about 23.6 
nm.   
 
Figure 3.1:  TEM images of NiPcNPs.  The image in B is a close-up picture of one grain of the 
NiPcNPs shown in A. 
The image in Figure 3.1B shows that 1 grain of nanoparticles may actually be a 
cluster of several nanoparticles (3 in this case).  The average diameter of the 
NiPcNPs may therefore be less than the one calculated above.                                                     
 
 
B A 
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3.1.2 X-ray diffraction (XRD) 
 X-ray diffraction patterns of bulk NiPc powder and NiPcNPs are shown in Figure 
3.2.  The XRD patterns of both NiPc and NiPcNPs show diffraction peaks at about 
the same 2 positions, indicating that they are in the same crystal form.  The width 
of the peak is inversely proportional to the thickness of the crystal (or grain size) 
[241].  Therefore, the XRD pattern of NiPcNPs is expected to exhibit broader 
diffraction peaks than those displayed in the NiPc pattern.  This is indeed the case, 
as can be observed from Figure 3.2.  The widths of the double peaks of the bulk 
NiPc have widened to such an extent that they overlap to form almost a single broad 
NiPcNP peak at each 2 position.   
 
Figure 3.2:  X-ray diffraction patterns of NiPc and NiPcNP powders.  The red arrows point to 
the NiPcNP peaks, and the corresponding d-values are displayed. 
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The relationship between peak width and grain size is given by the Scherrer 
equation [46].  Using this equation, the average grain size of the NiPcNPs was found 
to be 7.67 nm.  This grain size is much smaller than the one obtained using TEM 
because the grains obtained from the TEM sample preparation method may consist 
of more than one particle, as has been explained earlier. 
 3.1.3  UV/Vis spectrum of NiPcNPs 
 
  Figure 3.3:  UV/Vis spectrum of NiPcNPs dissolved in DMF. 
 
The UV/Vis spectrum of NiPcNPs, dissolved in DMF, is shown in Figure 3.3.  Narrow 
peaks are displayed in the spectrum of NiPcNPs.  This is typical of the spectrum of 
nanoparticles [242].  The Q band at 670 nm is split, probably due to aggregation of 
the nanoparticles. 
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3.2 Characterization of MWCNTs and MWCNT/MPcNP Composites. 
Only NiPcNP/MWCNTs and FePcNP/MWCNTs were employed in electrocatalysis, and 
the characterization of NiPcNP/MWCNTs is outlined below as an example, together 
with that of the MWCNTs. 
 3.2.1  Transmission electron microscopy 
TEM images of MWCNTs and NiPcNP/MWCNTs composites are shown in Figure 3.4.  
In both images, the results of the cutting action of the MWCNT purification process 
which causes defects and shorter CNTs, are displayed. 
  
Figure 3.4:  TEM images of MWCNTs (A) and NiPcNP/MWCNTs composite (B). 
NiPcNPs which appear as dark spots on the walls of the MWCNTs can be seen in 
Figure 3.4B. 
3.2.2 Raman spectroscopy  
Raman spectra of NiPcNPs, NiPcNP/MWCNT composite, and MWCNTs are shown in 
Figure 3.5.  Three prominent peaks can be clearly seen in the MWCNTs and 
NiPcNP/MWCNTs spectra.  The peak located at about 1292 cm-1 corresponds to the 
disorder-induced phonon mode (D mode) due to the finite size and the presence of 
defects and disorders in the sp2-hybridized carbon of MWCNTs [243].  The peak 
located at about 1600 cm-1 is due to the tangential vibration of the carbon atoms in 
A B 
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the MWCNTs which gives rise to the Raman-allowed phonon mode, E2g (G mode).  
The G mode is associated with the longitudinal (LO) mode [244].  The intensity ratio 
between the D and G modes provides information about the degree of disorder in 
the MWCNTs, hence it is used to quantify defects [245].  From the spectra of the 
MWCNTs, the intensity of the D-band is higher than that of the G-band, and the 
ratio ID/IG was found to be ~ 1.71.  This ratio is large, and this points to a large 
number of defects in the MWCNTs.  This is not surprising, as the acid treatment of 
the MWCNTs causes defects, especially at the ends of the cut MWCNTs [246].  From 
the spectra of NiPcNP/MWCNTs, the ratio ID/IG was found to be ~ 1.75.  This ratio is 
almost equal to that of the MWCNTs, which indicates that physically mixing NiPcNPs 
and MWCNTs does not disturb the structure of the CNTs (no additional defects on 
the MWCNTs).  The other prominent peak which is present in all the spectra is 
located at about 1062 cm-1.  This peak corresponds to the Raman active B2g mode of 
NiPc [247].  A small amount of NiPcNPs may be present in the MWCNTs as a 
consequence of the manufacturing process [248]. 
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 Figure 3.5: Raman spectra of NiPcNPs, NiPcNP/MWCNTs, and MWCNTs. 
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3.2.3 UV/Vis spectroscopy 
The UV/Vis spectra of NiPcNP/MWCNT nanocomposite and NiPcNPs are shown in 
Figure 3.6 as an example. 
  
     Figure 3.6:  UV/Vis spectra of NiPcNP/MWCNTs and NiPcNPs 
 
The NiPcNP/MWCNT spectrum shows extensive aggregation of the NiPcNPs within 
the composite, as evidenced by the blue-shifted band near 610 nm.  Aggregation in 
Pcs is due to coplanar association of the rings.  In the presence of MWCNTs, the 
blue-shift may also be due to attachment of the NiPcNPs to the MWCNTs. 
 
 
 
 
 
400 500 600 700 800 900
A
b
so
rb
an
ce
/a
.u
. 
Wavelength/nm 
NiPcNPs 
NiPcNP/MWCNTs 
72 
 
3.2.4 XPS of MWCNT/MPcNP composites 
 
Figure 3.7: X-ray photoelectron spectra of the MWCNTs (a), NiPcNPs (b) and NiPcNP/MWCNTs (c). 
 
 
In the photoelectron spectrum of the MWCNTs the C 1s peak is located at 284.4 eV, 
attributed to the C–C bonds of the MWCNTs.  The other dominant peak is the O 1s 
peak at 532.3 eV, which is due to the O–H bond within the carboxyl group of the 
acidified MWCNTs.  The small N 1s peak at about 400 eV (for MWCNT) may be due 
to nitrogen located either within the phthalocyanine complex from which most of the 
MWCNTs are reported to be synthesized [248] or in the traces of nitric acid 
remaining within the MWCNTs after the purification process.  The XPS spectrum of 
NiPcNPs shows a C 1s peak at 286 V.  This peak is due to the C–C bonds of the 
NiPcNPs.  An N 1s peak due to the C–N bonds of the NiPcNPs also appears at 400 
eV.  The small O 1s peak at 532 eV is probably due to the oxygen in the indium 
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oxide substrate [249].  The Ni 2p3/2 peak appears at 857.5 eV, and the Ni 2p½ peak 
appears at 874.5 eV for NiPcNPs as well as for NiPcNP/MWCNTs.  The XPS spectrum 
of the NiPcNP/MWCNTs shows a C 1s peak at 285.05 eV.  This peak is due to the C–
C bonds of the MWCNTs and the NiPcNPs. An N 1s peak due to the C–N bonds of 
the NiPcNPs also appears at 399.7 eV.  The double peak appearing at ~445 eV is 
due to the indium oxide substrate (as has been reported before [249, 250]) on 
which the NiPcNP/MWCNTs composite is placed for analyses purposes.  This peak is 
not clear in the MWCNT and NiPcNP spectra due to the different amounts of the 
samples.  This means that the powder forms either islands or a very thin layer on 
the surface, thus exposing the indium oxide surface to analysis as well [250].  The 
small O 1s peak at 532 eV is probably due to the oxygen in the indium oxide 
substrate [249].   
3.3 Electropolymerization of MTAPcs. 
The number of MWCNTs attached to the BPPGE surface by abrasive mobilization was 
estimated using a procedure similar to literature report [38].  The surface roughness 
factor for the MWCNT-BPPGE was determined by cyclic voltammetry in an equimolar 
(1:1), 1.0 mM solution of K3[Fe(CN)6] and K4[Fe(CN)6] containing 0.05 M KCl as the 
redox probe, and applying the Randles-Sevcik equation (equation 1.2)[37]: 
     (       
 )                   3.1   
where D and C0 are the diffusion coefficient and bulk concentration of the redox 
probe, respectively.  From the cyclic voltammogram obtained, the experimental 
anodic peak current    (Ipa experimental) was found to be ~3.52  10
-5 A.  From the 
D -value for K3[Fe(CN)6] = 7.6  10
−6 cm2 s−1 [251], n = 1,  = 0.06 V/s and          
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A  0.196 cm2, the roughness factor was estimated to be 0.96.  The effective area, 
Aeff, was then calculated and found to be ~0.192 cm
2.  
 
The lengths of the carbon nanotubes range between 5 and 20 m, and the diameter 
is 15  5 nm (suppliers‘ values).  From these dimensions, the average area of each 
nanotube (ACNT) was estimated assuming a cylindrical shape for the nanotubes (and 
that the nanotubes are attached parallel to the surface of the electrode).  The 
number of nanotubes (NCNT) attached to the BPPGE surface was obtained using 
equation 3.2: 
 NCNT = Aeff/ACNT     3.2 
NCNT was estimated to range between 10
7 and 108 
 
The MTAPc complexes were electropolymerized from a DMSO solution containing 0.1 
M TBABF4 onto the MWCNT-BPPGE by repetitive cyclic voltammetry at 0.05 V s
-1 (15 
times with CoTAPc, FeTAPc, and MnTAPc, and 20 times with NiTAPc).  This 
repetitive scanning resulted in a gradual increase in the amplitude of the cyclic 
voltammetric peaks, and it was terminated when the amplitude of the peaks stopped 
increasing.  The halt in further increase of peak amplitudes is the result of increased 
electrical resistance and the resistance to mass transport through the polymer film 
as the film thickness increases [252].  Also, the potential windows for the 
polymerizations were chosen depending on which ones resulted in clearly increasing 
peak amplitudes.  Figure 3.8 shows the growth of the voltammetry peaks during 
cycling with the MWCNT-BPPGE as the working electrode.  With MnTAPc and 
FeTAPc, scanning was done between -0.5 and +1.2 V (Figures 3.8A and 3.8B), 
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and between -0.2 and +1.0 V with NiTAPc (Figure 3.8C) and CoTAPc (Figure 
3.8D).  The formation of new peaks such as peaks II and III in Figure 3.8A, and 
peak II in Figure 3.8B-D during the attachment process confirmed that 
electropolymerization was taking place.   
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 Figure 3.8: Electropolymerization of MnTAPc (A), FeTAPc (B), NiTAPc (C) and CoTAPc (D) on 
MWCNT-BPPGE in DMSO containing 0.1 M TBABF4.  Scan rate = 0.05 V/s.  Reference 
electrode:  Ag|AgCl (3M KCl). 
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The oxidation state of Mn in MnTAPc has been established [253] to be MnIII.  The 
processes labeled II and III observed in Figure 3.8A for MnTAPc are assigned to 
MnIVPc-2/MnIIIPc-2 metal oxidation and MnIIIPc-2/MnIIPc-2 metal reduction processes, 
respectively, in comparison with literature [253], with expected shifts since different 
electrodes are employed.  The processes labeled II and III in Figure 3.8B are due 
to FeIIIPc-2 /FeIIPc-2 and FeIIPc-2/FeIPc-2, respectively, in comparison with literature 
[254].  For NiTAPc polymerization (Figure 3.8C), the process starting at ~ 0.7 V is 
attributed to NiIIPc-1/NiIIPc-2 ring oxidation [255-257].  The process labelled II may 
be due to the NiIIIPc-2/NiIIPc-2 oxidation process [256-259].  The peak marked (*) at 
~+0.37 V (Figure 3.8C) was observed in the other MTAPc polymerizations as well.  
It appears at ~ 0.0 V in the MnTAPc and FeTAPc polymerizations, and at ~ 0.08 V in 
CoTAPc polymerization (Figure 3.8D).  The peak was also observed on cycling of 
MWCNT in DMSO, then rinsing the electrode and recording the CV in pH 7 buffer, 
and has been attributed to the redox property of the oxygen-containing moieties of 
the MWCNT [260].  The process labeled II (E1/2  0.3 V) in Figure 3.8D is 
attributed to the CoIIIPc-2/CoIIPc-2 metal oxidation process, in comparison with 
CoTAPc on GCE [161].  
 The oxidation of the amino groups is believed to generate free radicals which 
initiate the electropolymerization process in MTAPc complexes [261].   The oxidation 
of the amino group (labeled I in Figures 3.8A, B, and D) was observed at ~ 0.95 V 
for MnTAPc and FeTAPc polymerization, and at ~0.80 for CoTAPc polymerization.   
The MTAPcs were also electropolymerized on the bare BPPGEs to establish whether 
the absence of the MWCNTs would have an effect on the electropolymerizations, and 
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to gauge the effect of co-modification with MWCNTs on electrocatalysis.  Figure 3.9 
shows cyclic voltammograms representing the polymerization of the different 
MTAPcs on the bare BPPGE.  With MnTAPc, FeTAPc and CoTAPc, scanning was done 
between -0.5 and +1.4 V (Figures 3.9A, B, and D), and between -0.2 and +1.0 V 
with NiTAPc (Figure 3.9C).    
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Figure 3.9:  Electropolymerization of MnTAPc (A), FeTAPc (B), NiTAPc (C) and CoTAPc 
(D) on BPPGE in DMSO containing 0.1 M TBABF4.  Scan rate = 0.05 V/s.  Reference 
electrode:  Ag|AgCl 3M KCl. 
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As indicated earlier, the processes labelled II and III in Figure 3.9A are attributed 
to MnIVPc-2/MnIIIPc-2 metal oxidation and MnIIIPc-2/MnIIPc-2 metal reduction, 
respectively [253].  In Figure 3.9B, the processes labelled II and III are due to 
FeIIIPc-2/FeIIPc-2 metal oxidation and FeIIPc-2/FeIPc-2 metal reduction, respectively, in 
comparison with literature [254].  In Figure 3.9C, the process labelled I is due to 
NiIIPc-1/NiIIPc-2 ring oxidation [255-256].  The process labelled II may be due to the 
NiIIIPc-2/NiII Pc-2 oxidation process [256-259].  The process labelled I in Figure 3.9D 
is due to NH2 oxidation and the process labelled II may be due to ring-based 
oxidation processes.  The process labelled III is attributed to CoIIIPc-2/CoIIPc-2 metal 
oxidation [161].  
3.4 Characterization of Modified Electrodes 
3.4.1 Electrochemical characterization of MPcNP/MWCNT-BPPGE 
3.4.1.1 Electrochemical characterization in buffer solution 
The NiPcNP/MWCNT-BPPGE and FePcNP/MWCNT-BPPGE were studied in this section 
since they were the only electrodes of this type that were used in electrocatalysis.   
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 Figure 3.10:  Cyclic voltammogram of NiPcNP/MWCNT-BPPGE in 0.1 M phosphate buffer at 
pH 7.  Scan rate = 0.05 V/s.  Reference electrode:  Ag|AgCl (3 M KCl). 
 
Figure 3.10 shows the NiIIIPc-2/NiIIPc-2 couple typical of adsorbed NiPc at ~0.38 V  
[256-259].  For FePcNP/MWCNT-BPPGE, the FeIIIPc-2/FeIIPc-2 redox process was 
observed at EP  0.5 V, in comparison with literature [254].  The Ni
IIIPc-2/NiIIPc-2 and 
FeIIIPc-2/FeIIPc-2 processes are involved in catalysis, hence they are the only ones 
discussed in this section.   
 
The surface coverage (MPcNP/MWCNT) for MPcNP/MWCNT–BPPGE (M = Ni, Fe) in 
aqueous conditions was evaluated by integrating the charge under the anodic peaks 
of MIIIPc-2/MIIPc-2.  Using Figure 3.10 and equation 3.3 [2]:  
              
 
   
     3.3 
where ‗Q‘ is the electric charge obtained from the anodic and cathodic peaks 
mentioned above at 0.050 V/s (QNiPcNP/MWCNT = 3.47  10
-6 C, and QFePcNP/MWCNT = 
1.265  10-5 C), ‗n‘, the number of electrons (≈1), ‗F‘,  the Faraday constant (96,485 
-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Potential(E)/V 
10.0 A 
84 
 
C mol−1) and ‗A‘ is the effective surface area (0.192 cm2).  The surface coverages 
were found to be 1.87  10-10 and 6.83  10-10 mol cm-2 for the NiPcNP/MWCNT-
BPPGE and FePcNP/MWCNT-BPPGE, respectively, Table 3.1.  The difference in 
thickness of the surface coverages may be due to the size of the nanoparticles that 
were mixed with the MWCNTs.  From XRD measurements the apparent grain sizes of 
the NiPcNPs and FePcNPs were 7.67 and 31.6 nm, respectively. 
 
Table 3.1:  Parameters obtained from electrochemical characterization of the different electrodes, 
recorded in 0.1 M phosphate buffer at pH 7 and in 1.0 mM [Fe(CN)6]
3-/[Fe(CN)6]
4- at 0.084 V.  The 
values in brackets were obtained with the corresponding electrode employed without including 
MWCNTs as modifier. 
Electrode Surface 
Coverage 
()/10-8 
mol cm-2 
E/V EIS Parameters 
Ret/ 
k 
n Ket/10
-5 
cm s-1 
BPPGE ------------- 0.640 1.831 0.66 0.08  
MWCNT-BPPGE ------------- 0.088 0.113 0.76 1.23 
NiPcNP/MWCNT
-BPPGE 
0.0187 
(---)a 
0.073 
(0.078) 
0.093(0.104) 0.68(0.64) 1.5 
FePcNP/MWCNT
-BPPGE 
0.0683 
(0.071) 
0.098 
(0.117) 
0.875(1.077) 0.73(0.81) 0.16 
poly-MnTAPc-
MWCNT-BPPGE 
1.2 
(0.062) 
0.088 
(0.390) 
0.113(0.214) 0.70(0.69) 1.23  
poly-FeTAPc-
MWCNT-BPPGE 
1.7 
(0.1) 
0.088 
(0.312) 
0.116(0.125) 0.69(0.91) 1.19 
poly-NiTAPc-
MWCNT-BPPGE 
1.5 
(0.060) 
0.093 
(0.405) 
0.128(0.217) 0.68(0.74) 1.08 
poly-CoTAPc-
MWCNT-BPPGE 
0.3 
(0.1) 
0.080 
(0.264) 
0.083(0.211) 0.75(0.95) 1.67 
aVery weak peak; amount of charge cannot be determined from the peak. 
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3.4.1.2 Electrochemical characterization in K3[Fe(CN)6]/K4[Fe(CN)6] 
solution 
The two electrodes were then scanned in pH 7 phosphate buffer solution containing 
1 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1 molar ratio), and the cyclic voltammograms 
obtained are shown in Figure 3.11.  Figure 3.11A shows comparative cyclic 
voltammograms of MWCNT-BPPGE, NiPcNP/MWCNT-BPPGE, NiPcNP-BPPGE and 
BPPGE.  From the figure, the peak potential differences (EP) of the different 
electrodes follow the trend:  NiPcNP/MWCNT-BPPGE (~73 mV) < NiPcNP-BPPGE 
(~78 mV) < MWCNT-BPPGE (~88 mV) < BPPGE (~640 mV).  The decrease in the 
Ep values of the NiPcNP-based electrodes in comparison to the MWCNT-BPPGE and 
the BPPGE shows that modification with NiPcNPs results in faster electron-transfer 
kinetics at the electrode surface, with the NiPcNP/MWCNT-BPPGE showing slightly 
faster electron-transfer kinetics than the NiPcNP-BPPGE.  This shows that the 
MWCNTs have a positive effect on the NiPcNP-BPPGE, improving the electronic 
communication between the electrode surface and the K3[Fe(CN)6]/K4[Fe(CN)6] 
redox probe.   
 
In Figure 3.11B the peak potential differences of the different electrodes follow the 
trend:  MWCNT-BPPGE (~88 mV) < FePcNP/MWCNT-BPPGE (~98 mV) < FePcNP-
BPPGE (~117 mV) < BPPGE (~640 mV).  The FePcNP-based electrodes show 
improved electron-transfer kinetics in comparison with the BPPGE only.  When the 
FePcNPs are mixed with the MWCNTs, E increases from ~88 mV with the MWCNT-
BPPGE to ~98 mV with the FePcNP/MWCNT-BPPGE.  Thus, the FePcNPs have a 
negative effect on the MWCNT-BPPGE, slowing the electron-transfer kinetics at the 
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electrode surface.  From the discussion above, the NiPcNP/MWCNT-BPPGE seems to 
show better electron-transfer kinetics than the FePcNP/MWCNT-BPPGE.  This will be 
probed further using electrochemical impedance spectroscopy, since this technique 
provides a more detailed description of an electrochemical system than cyclic 
voltammetry [187,251].     
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 Figure 3.11:  Cyclic voltammograms of NiPcNP/MWCNT-BPPGE and NiPcNP-BPPGE (A), and 
FePcNP/MWCNT-BPPGE and FePcNP-BPPGE (B) together with CVs of BPPGE and MWCNT-
BPPGE, in pH 7 phosphate buffer containing 1 mM [Fe(CN)6]
3-/[Fe(CN)6]
-4.  Inset: CV of 
BPPGE in 1 mM [Fe(CN)6]
3-/[Fe(CN)6]
-4.   Scan rate = 0.050 V/s.  Reference Electrode:  
Ag|AgCl (3 M KCl). 
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The EIS measurements were performed at the formal potential (E1/2≈0.084 V) of the 
[Fe(CN)6]4−/[Fe(CN)6]3− as recorded in the CVs (Figure 3.10).  Figure 3.12 shows 
examples of the Nyquist plots obtained for the NiPcNP/MWCNT-BPPGE and 
FePcNP/MWCNT-BPPGE in the 1 mM [Fe(CN)6]
3−/[Fe(CN)6]
4− solution, and the 
Randles circuit (Figure 3.12C) that was employed to produce the plots.  In the 
Randles circuit, the symbols Rs, Ret, Zw, and CPEdl represent the solution resistance, 
the electron transfer resistance, the Warburg impedance, and the constant phase 
element, respectively.  Nyquist plots for MWCNT-BPPGE, MPcNP-BPPGE (M = Ni or 
Fe) and BPPGE are also included for comparison.  The values of the pertinent 
parameters are shown in Table 3.1.   
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 Figure 3.12:  Comparative Nyquist (Z‘‘ vs Z) plot for NiPcNP-BPPGE and NiPcNP/MWCNT-
BPPGE (A), and FePcNP-BPPGE and FePcNP/MWCNT-BPPGE (B) in 0.1 M, pH 7 phosphate 
buffer containing 1 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) and 0.05 M KCl (supporting electrolyte) 
at a fixed potential (E) = 0.084 V.  The equivalent circuit (C) was used to fit the EIS data of 
(A) and (B).   
 
From Table 3.1, it is seen that the Ret values of the MPcNP/MWCNT-BPPGEs (M = 
Ni or Fe), together with those of BPPGE and MWCNT-BPPGE follow the trend: 
NiPcNP/MWCNT-BPPGE < NiPcNP-BPPGE < MWCNT-BPPGE < FePcNP/MWCNT-
BPPGE < FePcNP-BPPGE < BPPGE, which essentially corroborates the EP data 
obtained from cyclic voltammetry.  This shows that, when the BPPGE is modified 
with MPcNP/MWCNT composite or MPcNPs alone or MWCNTs alone, the fastest 
electron-transfer kinetics in the [Fe(CN)6]
3-/[Fe(CN)6]
4- solution are displayed by the 
NiPcNP/MWCNT-BPPGE, with the NiPcNP-BPPGE following close behind.  Although 
modification of the BPPGE with FePcNP/MWCNT or FePcNPs alone improves 
reversibility, faster electron-transfer kinetics are realized with use of the MWCNTs 
without the FePcNPs.   
 
The enhanced electron transport exhibited by the two NiPcNP-based electrodes in 
the [Fe(CN)6]
3-/[Fe(CN)6]
4- solution may be due to the following two processes:  The 
[Fe(CN)6]
3-/[Fe(CN)6]
4- redox process is in the region of the NiIIIPc-2/NiIIPc-2 metal 
oxidation process shown in Figure 3.9,  and may be catalysed by it.  Also, the 
RS 
ZW Ret 
CPEdl C 
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MWCNT/NiPcNP enhance electron transport in a synergistic fashion, with MWCNTs 
acting as electron conducting nanowires while the NiPcNPs act as the electrocatalyst.  
Although there is no significant difference in the electron transfer behavior of the 
NiPcNP and MWCNT/NiPcNP, the catalytic activity of the latter is best observed in 
the electrocatalytic detection of asulam (discussed later).  With the FePcNP-based 
electrodes, the FeIIIPc-2/FeIIPc-2 redox process which is observed at EP  0.5 V occurs 
much later than the [Fe(CN)6]
3-/[Fe(CN)6]
4- redox process (at E½  0.1 V).  The 
FePcNPs are therefore electro-inactive at this low potential at pH 7 and may 
negatively affect the activity of the more electro-active MWCNTs by occupying 
potentially active sites.   
 
The values of n in Table 3.1 are all close to 1, therefore all the electrodes display 
pseudo-capacitive behaviour at their electrode-solution interfaces.  From Figure 
3.13, it is observed that the phase angles for the different electrodes are less than 
the 90 associated with pure capacitive behaviour, confirming that all the electrodes 
display pseudo-capacitive behaviour. 
 
The electron transfer rate constant (ket) at the electrode surfaces of the different 
electrodes can also be determined from the listed electron transfer resistances (Ret). 
Ret is related to the exchange current density (I0) and ket through the equations 3.4 
and 3.5: 
     
  
    
         3.4 
                     3.5 
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 where R is the gas constant, T is the temperature, A is the effective electrode area 
(= 0.192 cm2), [S] corresponds to the bulk molar concentration (M) of the redox 
probe, and n is the number of transferred electrons per molecule of the redox probe 
[4].  The electron transfer rate constants for the modified MWCNT-BPPGEs are also 
listed in Table 3.1.  The Ret values are higher for NiPcNP/MWCNT-BPPGE than for 
FePcNP/MWCNT-BPPGE, confirming the slow electron transfer for the latter. 
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Figure 3.13:  Bode plots for BPPGE(A), MWCNT-BPPGE(B), NiPcNP-BPPGE(C), NiPcNP/MWCNT-
BPPGE(D), FePcNP-BPPGE(E), and FePcNP/MWCNT-BPPGE(F) in 0.1 M phosphate buffer solution (pH 
7) containing 10-3 M K3[Fe(CN)6]/K4[Fe(CN)6] (1:1), obtained at a fixed potential (E) = 0.084 V.   
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3.4.2 Characterization of poly-MTAPc-MWCNT-BPPGEs and poly-MTAPc-
BPPGEs.                       
3.4.2.1 SEM characterization of poly-MTAPc-MWCNT-BPPGEs 
The surface topography of the bare and modified BPPGE surface was investigated by 
scanning electron microscopy (SEM).  Only CoTAPc-MWCNT-BPPGEs is considered, 
as an example (Figure 3.14). 
  
Figure 3.14:  SEM images of (A) MWCNT–BPPGE and (B) poly-CoTAPc–MWCNT–BPPGE at 1000× 
magnification.  
 
A clear difference in the textures of the two electrodes was revealed, confirming the 
deposition of the MTAPc onto the surface of the MWCNT–BPPGE.  The white cloudy 
clusters in the micrograph in Figure 3.14B can be attributed to the grown CoTAPc 
particles on the MWCNTs.   
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3.4.2.2 Electrochemical characterization of poly-MTAPc-MWCNT-BPPGEs 
3.4.2.2.1 Electrochemical characterization in a buffer solution. 
After the electropolymerization process, the modified electrodes (poly-MTAPc–
MWCNT–BPPGE) were rinsed in DMSO and CV scans of a blank (pH 7 buffer) 
recorded.  Figure 3.15 shows the first and tenth CV scans of poly-MnTAPc-MWCNT-
BPPGE, poly-FeTAPc-MWCNT-BPPGE, poly-NiTAPc-MWCNT-BPPGE, and poly-
CoTAPc-MWCNT-BPPGE in pH 7 phosphate buffer solution. 
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Figure 3.15:  Cyclic voltammograms of a poly-MnTAPc–MWCNT–BPPGE (A), poly-FeTAPc-
MWCNT-BPPGE (B), poly-NiTAPc-MWCNT-BPPGE (C), and poly-CoTAPc-MWCNT-BPPGE (D) in 
0.1M phosphate buffer, pH 7, showing the 1st(   ) and 10th (     )scans. Scan rate = 0.050 V/s.  
Reference electrode: Ag|AgCl (3 M KCl).  
 
When the poly-MnTAPc-MWCNT-BPPGE is scanned in pH 7 buffer solution (Figure 
3.15A), the redox processes can be clearly seen and are assigned as follows: peak 
II (at EP  0.41 V) is due to the Mn
IVPc-2/MnIIIPc-2 oxidation process , couple III (E½ 
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   -0.17 V) is due to MnIIIPc-2/MnIIPc-2 reduction (Table 3.2), and  peak IV ( EP  -
0.40 V) is due to MnIIPc-2/MnIIPc-3 ring-reduction [253].  Only processes involved in 
electrocatalysis (to be discussed later) are shown in Table 3.2.  The redox 
processes with the poly-FeTAPc-MWCNT-BPPGE (Figure 3.15B) are assigned as 
follows: peak II (at EP  0.41 V) is due to Fe
IIIPc-2/FeIIPc-2 process, and couple III 
(at E1/2  -0.20 V) is due to Fe
IIPc-2/FeIPc-2 redox process [254].  Upon multiple 
scanning in the pH 7 phosphate buffer solution, the cathodic peak of process II in 
Figure 3.15C gradually decreases in height until only the anodic peak remains at 
~0.23 V.  Couple II is attributed to the NiIIIPc-2/ NiIIPc-2 metal oxidation process 
discussed earlier for NiPcNP/MWCNT-BPPGE.  With the poly-CoTAPc-MWCNT-BPPGE 
(Figure 3.15D), up to five redox processes were observed during the first scan.  
Process II (at ~ 0.39 V) is assigned to the CoIIIPc-2/CoIIPc-2 redox process [161].  
Process I (at 0.73 V) is most likely due to ring-based processes.  The peak at ~ 0.1V 
is due to the redox property of the oxygen-containing moieties of the MWCNT [260]. 
The CoIIIPc-2/CoIIPc-2 process is known to be irreversible and notoriously difficult to 
observe for adsorbed CoPc complexes [32]. With cycling, the processes decreased in 
intensity, until only IV remains. The attached MTAPcs gave reproducible 
voltammograms in aqueous solutions (pH 4.0 and 7.0), indicating excellent 
electrochemical stability.   
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Table 3.2:  Oxidation potentials (EP/V vs Ag|AgCl (3 M KCl)) of redox processes occurring at the 
surfaces of different electrodes in pH 12 phosphate buffer solutions.  The values in  brackets were 
obtained in pH 7 solutions. 
Electrode MIIIPc-2/MIIPc-2  MIVPc-2/MIIIPc-2  Ring oxidation 
FePcNP/MWCNT-BPPGE 0.25 (0.5) --------------  
 
-----------------  
 NiPcNP/MWCNT-BPPGE -----(0.38) --------------  
 
-----(0.71) 
Poly-MnTAPc-MWCNT-BPPGE -0.29(-0.17) 0.23(0.41) -------------  
 Poly-FeTAPc-MWCNT-BPPGE 0.23(0.41) ----------- 
 
-------------  
 Poly-NiTAPc-MWCNT-BPPGE 0.42(0.23) ----------- 
 
0.88(0.73)  
 Poly-CoTAPc-MWCNT-BPPGE 0.53(0.39) 
 
------------  
 
-----(0.73)  
 Poly-MnTAPc-BPPGE -----(-0.59) 
 
0.32(-----)  
 
(----)(0.73) 
 Poly-FeTAPc-BPPGE 0.38(-----) ------------- 
 
--------------  
 Poly-NiTAPc-BPPGE 0.53(-0.26) -------------- 
 
1.02(0.72) 
 Poly-CoTAPc-BPPGE 0.56(-----) --------------  
 
--------------  
 MnPcNP-CPE 0.07(----) 0.42(-----) 0.79(0.71) 
FePcNP-CPE 0.53(0.4) ------------- 
 
------(0.8)  
 NiPcNP-CPE 0.06(0.13) ------------  
 
-----(0.71) 
CoPcNP-CPE 0.58(0.55) ------------------ ----------------- 
The dotted lines (------) indicate that the oxidation potential could not be estimated because there 
was either no peak or the peak was very weak. 
 
Cyclic voltammograms of the poly-MTAPc-MWCNT-BPPGEs were also obtained in pH 
12 phosphate buffer solution and the peak potentials for the various redox processes 
are listed in Table 3.2.  These processes have been assigned as they have been in 
the pH 7 phosphate buffer, except that the peaks tend to shift to lower potentials 
because of stabilization of the oxidized form of the phthalocyanine metal centres by 
the anions of the buffer solution [262].  Only the cyclic voltammogram for poly-
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NiTAPc-MWCNT-BPPGE in pH 12 buffer solution is shown in Figure 3.16, to show 
the formation of O-Ni-O oxo-briges.  In Figure 3.16, peak I (~0.88 V) (Table 3.2) 
is attributed to NiIIPc-1/NiIIPc-2 ring oxidation. Upon cycling of the poly-NiTAPc-
MWCNT-BPPGE in pH 12 phosphate buffer solution, and from the second scan 
onwards, there was a formation of anodic and cathodic waves between +0.2 V and 
+0.5V (process II).  These waves are known to correspond to the NiIIIPc-2/NiIIPc-2 
redox process [250,263] and are an indication of the transformation of the NiTAPc 
polymer into the O–Ni–O oxo-bridged form.  The process III is attributed to NiIIPc-2 
ring reduction.   
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Figure 3.16:  A cyclic voltammogram of poly-NiTAPc-MWCNT-BPPGE in 0.1 M phosphate 
buffer, pH 12, showing the 1st(  ) and 10th (  ) scans. Scan rate = 0.050 V/s.  Reference 
electrode: Ag|AgCl (3 M KCl). 
 
The surface coverages (MTAPc-MWCNT) for poly-MTAPc–MWCNT–BPPGE in aqueous 
conditions were estimated by integrating the charge under the anodic peak of couple 
III (MnIIIPc-2/MnIIPc-2) in Figure 3.15A, cathodic peak of couple III (FeIIPc-2/FeIPc-
2) in Figure 3.15B, anodic peak II (NiIIIPc-2/NiIIPc-2) in Figure 3.15C, and the 
cathodic peak of the CoIIPc-2/CoIPc-2 couple (III) in Figure 3.15D, and then 
employing equation 3.3 as has been done previously. The surface coverages were 
estimated to be ~ 1.2  10-8 mol cm-2 for poly-MnTAPc-MWCNT-BPPGE, ~ 1.5  10-8 
mol cm-2 for poly-NiTAPc-MWCNT-BPPGE, ~ 1.7  10-8 mol cm-2 for poly-FeTAPc-
MWCNT-BPPGE, and 0.3  10-8 mol cm-2 for poly-CoTAPc-MWCNT-BPPGE.  These 
values are also listed in Table 3.1.  These surface coverages are thicker than those 
reported for similar polymer films on electrode surfaces (which lie in the 10-9 mol  
cm-2 range) [264]  probably because of the underlying carbon nanotubes. 
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The poly-MTAPc-BPPGEs (that is, the BPPGEs modified with poly-MTAPcs, but 
without co-modification with MWCNTs) were also repeatedly scanned in pH 7 and pH 
12 phosphate buffer solutions, and the peak potentials of the processes displayed in 
the cyclic voltammograms are listed in Table 3.2.   
   
By utilizing the CVs obtained in pH 7 phosphate buffer solution with the poly-MTAPc-
BPPGEs and equation 3.3, the surface coverages of these electrodes were obtained.  
The surfaces coverages were estimated to be ~0.62  10-9 for poly-MnTAPc-BPPGE, 
~1.0  10-9 mol/cm-2 for poly-FeTAPc-BPPGE, ~0.6  10-9 for poly-NiTAPc-BPPGE, 
and ~1.0  10-9 for poly-CoTAPc-BPPGE.  These surface coverages are comparable 
to those reported for similar polymer films on electrode surfaces [264].  
3.4.2.2.2 Electrochemical characterization in K3[Fe(CN)6]/K4[Fe(CN)6] 
solution 
The electrochemical behaviour of the different electrodes was also interrogated 
using the 1.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) solution containing 0.05 M KCl as a 
redox probe.  Figure 3.17 shows CVs of the MWCNT–BPPGE, poly-MTAPc–MWCNT–
BPPGE, poly-MTAPc–BPPGE (M = Mn, Fe, Ni, and Co) and bare BPPGE recorded in 
this solution. 
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 Figure 3.17: Cyclic voltammograms of poly-MTAPc-MWCNT-BPPGE (M = Mn, Fe, Ni, and 
Co), poly-MTAPc-BPPGE, MWCNT-BPPGE, and BPPGE in 10−3M [Fe(CN)6]
-3/[Fe(CN)6]
4- 
containing 0.05 M KCl.  Scan rate = 25 mV/s.  Reference Electrode:  Ag|AgCl (3 M KCl). 
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The MWCNT–BPPGE and poly-MTAPc–MWCNT–BPPGE showed approximately similar 
current responses. This result confirms that the attachment of the MTAPc onto the 
MWCNT does not adversely affect the electronic properties of the MWCNT, in 
agreement with previous literature observation [265].  The peak separation (E) of 
the [Fe(CN)6]
3-/[Fe(CN)6]
4- solution with the different electrodes follows the trend: 
BPPGE > poly-MTAPc-BPPGE > MWCNT-BPPGE  poly-MTAPc-MWCNT-BPPGE.  
Values of peak separations (E) for the different electrodes are given in Table 3.1.  
The rate of electron transfer at the electrode surface is therefore improved with the 
attachment of MWCNTs and MTAPcs to the BPPGE surface.  For the differrent poly-
MTAPc-MWCNT-BPPGEs, the peak separations follow the following trend: poly-
NiTAPc-MWCNT-BPPGE (~93 mV)  poly-MnTAPc-MWCNT-BPPGE (~88 mV) = poly-
FeTAPc-MWCNT-BPPGE (~88 mV)  poly-CoTAPc-MWCNT-BPPGE (~80 mV).  The 
small E value obtained for poly-CoTAPc-MWCNT-BPPGE indicates that this electrode 
exhibits faster electron-transfer kinetics at the electrode surface than the other 
MTAPc-MWCNT-BPPGEs, when the potassium ferricyanide/ferrocyanide solution is 
used as the probe.  The reactivity of the different electrodes will be investigated 
further, using amitrole and asulam as the test solutions. 
    
The electrodes were also characterized using electrochemical impedance 
spectroscopy.  Figure 3.18 shows the Nyquist (Z˝ vs Z΄) plots for poly-FeTAPc-
MWCNT-BPPGE, poly-MnTAPc-MWCNT-BPPGE, poly-NiTAPc-MWCNT-BPPGE, poly-
CoTAPc-MWCNT-BPPGE and MWCNT-BPPGE in the 1 mM [Fe(CN)6]
3-/[Fe(CN)6]
4- 
solution.  
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Figure 3.18: Nyquist (Z‖ vs Z‘) plot of different electrodes in 1 mM [Fe(CN)6]
-3/[Fe(CN)6]
4- 
solution containing 0.05 M KCl.  E1/2 = 0.124 V. 
 
The pertinent data from the plots is shown in Table 3.1 together with the electron 
transfer rate constants (ket).  For the poly-MTAPc-MWCNT-BPPGEs, the electron-
transfer resistance, Ret, follows the trend:  poly-NiTAPc-MWCNT-BPPGE (0.128 k) 
> poly-FeTAPc-MWCNT-BPPGE (0.116 k)  poly-MnTAPc-MWCNT-BPPGE (0.113 
k) > poly-CoTAPc-MWCNT-BPPGE (0.083 k).  Correspondingly, the electron-
transfer rate constant follows the trend: poly-CoTAPc-MWCNT-BPPGE (1.6710-5 cm 
s-1) > poly-MnTAPc-MWCNT-BPPGE (1.23  10-5 cm s-1) > poly-FeTAPc-MWCNT 
(1.19  10-5 cm s-1) > poly-NiTAPc-MWCNT-BPPGE (1.08  10-5 cm s-1), again 
showing the superiority of the poly-CoTAPc-MWCNT-BPPGE.  The values of n for all 
electrodes are close but not equal to 1, the value associated with pure capacitive 
behavior.  Therefore, pseudo-capacitive behavior is displayed by all the electrodes at 
the electrode-solution interface. 
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From the –phase angle vs log (f) plots (Figure 3.19), the phase angles for the 
different electrodes are less than the 90 expected for an ideal capacitor.  This 
confirms the pseudo-capacitive behaviour of all the electrodes.  
 
 
    
Figure 3.19:  Bode plots for poly-CoTAPc-MWCNT-BPPGE (A), poly-FeTAPc-MWCNT-BPPGE 
(B), poly-MnTAPc-MWCNT-BPPGE (C), poly-NiTAPc-MWCNT-BPPGE (D) in a (1:1)mixture of 
1.0 mM [Fe(CN6)]
3- /[Fe(CN)6]
4- solution containing 0.05 M KCl.     
  
 
3.5 Electrochemical Characterization of MPcNP-CPEs 
Figure 3.20 shows the cyclic voltammograms of the MPc nanoparticles-modified 
carbon paste electrodes (MPcNP-CPE) in 0.1 M phosphate buffer solution at pH 7. 
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Figure 3.20:  Cyclic voltammograms of MnPcNP-CPE (A), FePcNP-CPE (B), NiPcNP-CPE (C), 
CoPcNP-CPE in 0.1 M phosphate buffer solution at pH 7.  Scan rate = 0.05 V/s.  Reference 
electrode:  Ag|AgCl (3.0 M KCl). 
 
In Figure 3.20A, peak I which appears at EP  0.71 V is attributed to ring oxidation 
and peak III which appears at  EP  -0.5 V is attributed to Mn
IIIPc-2/MnIIPc-2 metal 
reduction, in accordance with literature [253] (Table 3.2).  In Figure 3.20B, the 
broad peak I (EP  0.8 V) is attributed to ring oxidation, peak II (EP  0.4) is 
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attributed to  FeIIIPc-2/FeIIPc-2 metal oxidation and peak III (EP  -0.2 V) and peak 
IV (EP  -0.4 V) are attributed to metal and ring reduction, respectively, in 
accordance with literature [254] (Table 3.2).  In Figure 3.20C, peak I (EP  0.71 
V) (Table 3.2) is attributed to NiIIPc-1/NiIIPc-2 ring oxidation [255-256] and peak II 
(EP  0.13 V) is assigned to the Ni
IIIPc-2/NiIIPc-2 metal oxidation process (with anodic 
peak potential slightly shifted to lower potential because of the use of different 
electrodes and solutions), in accordance with previous literature assignments [256-
259].   In Figure 3.20D, peak II (EP  0.6 V) is assigned to Co
IIIPc-2/CoIIPc-2 metal 
oxidation [161] and peak III (EP  -0.58 V) is assigned to Co
IIPc-2/CoIPc-2 metal 
reduction [32, 261].   
 
The different MPcNP-CPEs were also scanned in 0.1 M phosphate buffer at pH 12, 
and the peak potentials corresponding to the different processes are listed in Table 
3.2.  
3.6 Conclusions 
TEM and XRD were used to show that the sizes of the NiPc particles synthesized 
were less than 100 nm, therefore NiPcNPs were successfully synthesized from NiPc.   
TEM was also employed to show that the NiPcNPs, in particular, were attached to 
the walls of the MWCNTs.  Electrochemical experiments have shown that MWCNTs 
and MPcNP/MWCNT composites improve reversibility at the BPPGE surface.  Also, a 
NiPcNP/MWCNT-BPPGE displayed faster electron transfer kinetics than a MWCNT-
BPPGE, whilst the latter displayed faster electron transfer kinetics than an 
FePcNP/MWCNT-BPPGE.   
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The difference in surface topography of the MWCNT-BPPGE and CoTAPc-MWCNT-
BPPGE, observed using SEM, showed that CoTAPc had been deposited on the 
MWCNT-BPPGE surface.  Electrochemical experiments showed that CoTAPc was 
actually electropolymerized on the MWCNT-BPPGE surface to form a poly-CoTAPc-
MWCNT-BPPGE.  Electrochemical experiments also showed that the poly-CoTAPc-
MWCNT-BPPGE displayed the fastest electron transfer kinetics at the electrode 
surface, of all the poly-MTAPc-MWCNT-BPPGEs investigated. 
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Chapter 4 
 
Electroanalysis with Carbon Paste Electrodes Modified 
with Nanoparticles of MPcs. 
 
In this chapter, carbon paste electrodes modified with MPcNPs are employed in the 
electroanalytical detection of amitrole and asulam. 
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4.1 Electroanalytical Detection of Amitrole 
Amitrole experimental conditions were optimized using the FePcNP-CPE as the 
representative electrode.  For the optimization of asulam experimental conditions, 
the NiPcNP-CPE was used for the same purpose.  
4.1.1 Optimization of parameters using FePcNP-CPE 
The effect of varying pH on the current response of FePcNP- CPE at constant 
amitrole concentration (1  10-3 M) was determined (Figure 4.1). 
   
Figure 4.1:  Effect of pH on current response of FePcNP-CPE in phosphate buffer containing 
1 x 10-3 M amitrole.  
 
There is a maximum at pH 4.4.  The current response decreased from pH 4.4, but 
then increased from pH 7.0 and began to stabilize at pH 11.5. These observations  
are in agreement with the known pKa values of 4.2 and 10.7 for amitrole [266], 
indicating the presence of different forms of amitrole ions in acidic and basic media.  
Since a larger current response was obtained at ≥pH 11.5 than at pH 4.4, it is 
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expected that in alkaline conditions, all the amitrole species will be completely 
ionized at pH 12.0, thus all subsequent experiments were performed in pH 12.0 
phosphate buffer solution.  From the known solution chemistry of the triazoles 
[267], the possible routes for the formation of the amitrole ions in acidic and basic 
media may be depicted as shown in Scheme 4.1. 
   
  Scheme 4.1. Proposed mechanism for formation of amitrole ions in acidic and 
basic media. 
 
Also, the plot of peak potential (Ep) against pH (Figure 4.2) shows two linear 
relations in acidic (pH < 7) and basic (pH > 8) media.  These two linear relations 
would then correspond to the different forms of amitrole that exist in acidic and 
basic media. The magnitudes of the slopes of the lines in Figure 4.2 (ca. 53 and 60 
mV/pH) indicate that one-electron (accompanied by one-proton) oxidation processes 
take place on the electrode surface. 
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Figure 4.2: Effect of pH on peak potential for FePcNP-CPE in phosphate buffer containing    
1  10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4.  Reference electrode: Ag|AgCl 
(3 M KCl). 
 
The FePcNP loading on the CPE was set at 3%, because the highest amitrole current 
response was obtained with this fraction. (Figure 4.3).   
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Figure 4.3: Effect of FePcNP loading of an FePcNP-CPE on the current of phosphate buffer 
at pH 12 containing 1  10-3 M amitrole. 
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potential.  The dependence of current response on the nature of anion used was 
thus examined.  Table 4.1 presents the electrochemical response characteristics of 
the FePcNP-CPE in phosphate buffer at pH 12.0, using different sodium salts as 
supporting electrolytes.  
 
 
Table 4.1:  Effect of different supporting electrolytes (0.05 M) on the current and potential response 
of the FePcNP-CPE at fixed amitrole concentration (1 mM) at pH 12.0 phosphate buffer solution (PBS, 
0.1 M); scan rate = 25 mV/s 
Electrolyte Current density, J, (10
4 
A/cm2) 
Peak Potential, EP/V         
(vs Ag|AgCl, 3 M KCl) 
PBS alone 3.5 0.71 
CH3COONa 5.7 0.56 
NaNO3 7.1 0.56 
Na2SO4 9.2 0.55 
NaCl 2.8 0.61 
NaClO4 4.6 0.58 
 
From Table 4.1 it can be seen that the highest current response and lowest peak 
potential were obtained with 0.05M sodium sulphate as the supporting electrolyte. 
This behaviour indicates that anions should be responsible for neutralizing the 
electrode surface, allowing the redox activity to occur. The anions should 
interact with the metal at the center of the FePc complex on the electrode, 
stabilizing the oxidized form according to the electron donor capacity [262]. Hence, 
all subsequent electrocatalytic experiments on amitrole were carried out using    
0.05 M Na2SO4 as the supporting electrolyte. 
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4.1.2 Comparative electrocatalysis of amitrole with different MPcNP-CPEs 
The optimum operating conditions established with the FePcNP-CPE (that is, 3% 
MPcNP loading on CPE, and 0.05 M Na2SO4 in pH 12 buffer solution) were employed 
in the investigation of the electrocatalytic behaviour of all the MPcNP-CPEs (M = Mn, 
Fe, Ni, Co) used in this work.  Figure 4.4 shows the cyclic voltammograms of the 
different MPcNP-CPEs in 1  10-3 M amitrole, together with those of the 
corresponding MPc-CPEs and bare CPEs.  The data is presented in Table 4.2. 
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Figure 4.4: Cyclic voltammogramms obtained with MnPcNP-CPE, FePcNP-CPE (background 
corrected), NiPcNP-CPE, CoPcNP-CPE in pH 12 phosphate buffer solution containing 110-3 M 
amitrole.  The CVs of the CPE and corresponding MPc-CPE are included for comparison.  
Reference electrode: Ag|AgCl (3 M KCl).  Supporting electrolyte: 0.05 M Na2SO4. Scan rate = 
0.025 V/s   
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Table 4.2:  Oxidation potentials (E/V vs Ag|AgCl, 3 M KCl) of 10-3 M amitrole and 10-3 M asulam with 
different MPcNP-CPEs, and redox potentials of MPc in pHs 7 and 12 phosphate buffer solutions (PBS).  
Electrode Oxidation 
potential of 
10-3 M 
amitrole  
Oxidation 
potential 
of 10-3 M 
asulam 
Redox process of 
MPc  
Potential of  
MPc redox 
process in 
pH 12 PBS. 
Potential of  
MPc redox 
process in 
pH 7 PBS. 
CPE 0.55 V a0.90 V --------------------- --------------- ----------- 
MnPc-CPE 
MnPcNP-
CPE 
 
0.59 V 
0.58 V 
0.92 V 
0.91 V 
 
MnIVPc-1/MnIVPc-2 
MnIVPc-2/MnIIIPc-2 
 
 
0.42 V 
0.07 V 
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FeIIIPc-2/FeIIPc-2 
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NiPc-CPE 
NiPcNP-
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0.58 V 
0.58 V 
0.93 V 
0.93 V 
 
NiIIIPc-2/NiIIPc-2 
NiIIPc-1/NiIIPc-2 
 
0.06 V 
 
0.13 V 
0.71 V 
CoPc-CPE 
CoPcNP-
CPE 
0.45 V 
0.45 V 
0.91 V 
0.90 V 
 
CoIIIPc-2/CoIIPc-2 
 
 
0.58 V 
 
 
0.6 V 
 
 aIn the CVs of NiPc-CPE, NiPcNP-CPE and CPE in 10-3M asulam, ECPE  0.94 V. 
 
Figure 4.4 shows that the oxidation potential of amitrole at the NiPc-CPE and 
NiPcNP-CPE (~0.58 V) is higher than at the CPE (0.55 V), while the current response 
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at this potential is higher with the bare CPE.  The oxidation potentials at the MnPc- 
and MnPcNP-CPE (~0.59 V and 0.58V, respectively) are higher than that of the CPE 
at ~0.55 V.  It may therefore be deduced that the NiPcNP-CPE and MnPcNP-CPE do 
not catalyse amitrole oxidation under the stated optimum conditions.  The amitrole 
oxidation peaks with the FePcNP-CPE and FePc-CPE and CPE appear at the same 
potential (~ 0.55 V), but enhanced current response is displayed by the FePcNP-
CPE, clearly showing that this electrode is electrocatalytic towards amitrole oxidation 
(Figure 4.4).    There is clear catalysis with the CoPc-CPE and CoPcNP-CPE, with 
the oxidation potentials of both electrodes appearing at ~0.45 V, compared to the 
0.55 V of the CPE.  The peaks displayed by the CoPcNP-CPE and CoPc-CPE are very 
broad though, due to their overlap with the CoIIIPc-2/CoIIPc-2 redox couple [152,268].  
The CPE showed larger currents than CoPc-CPE and CoPcNP-CPE.  Thus, of all the 
electrodes, FePcNP-CPE showed clear catalytic activity in terms of current 
enhancement and relative low potential.   The detection potential of 0.55 V versus 
Ag|AgCl, 3 M KCl (0.40 V vs Ag|AgCl pseudo-reference electrode) is similar to the 
literature report [269] of 0.55V versus Ag|AgCl (sat‘d KCl) for the detection of 
amitrole in alkaline conditions with CoPc-based electrode using chronoamperometric 
technique coupled to flow injection analysis (FIA-Amp). 
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4.1.3 Mechanism for the oxidation of amitrole using the FePcNP-CPE 
When the anodic peak current (Ipa) was plotted against the square root of the scan 
rate (1/2) (Figure 4.5), a straight line was observed, indicating a diffusion-
controlled oxidation of amitrole.  Also, a plot of Ipa/
1/2 versus  resulted in the 
characteristic shape that is typical for a catalytic process [270] (Figure 4.6). 
   
Figure 4.5:  A plot of current response (IP) vs 
1/2 for FePcNP-CPE in pH 12 phosphate buffer 
solution containing 1  10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4.     
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Figure 4.6:  Plot of IP/()
1/2 vs  for FePcNP-CPE in pH 12 phosphate buffer containing 1 x 
10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4. 
 
For a totally irreversible, diffusion controlled process such as amitrole oxidation 
[271–273], equation 4.1 applies: 
     
 
 
                   4.1  
The plot of Ep versus ½ log  gave a linear relationship, with a Tafel slope (b = 
2.303RT/αnF) of approximately 235 mV/decade, suggesting that the rate-
determining step for the electrocatalysis is a one-electron transfer process assuming 
a transfer coefficient of α < 0.5 at 298 K (Figure 4.7). 
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Figure 4.7:  Plot of EP against ½ log  for FePcNP-CPE in pH 12 phosphate buffer containing 1  10-3 
M amitrole.  Supporting electrolyte is 0.05 M Na2SO4.  Reference electrode:  Ag|AgCl (3 M KCl).   
 
The Tafel slope obtained in this work is comparable (within the limits of 
experimental errors) to the 239 mV/decade reported by Zen et al. [274] for amitrole 
oxidation using a Nafion/lead–ruthenium oxide pyrochlore chemically modified 
electrode.  Tafel slopes greater than the normal 30–120 mV/decade are known [274-
276] to be due to the substrate–catalyst interactions, where the substrate binds very 
strongly to the catalyst during the interaction as the reaction intermediate step. The 
Tafel slope obtained in this work may also be rationalised as strong binding of the 
amitrole–FePcNP in the intermediate step. 
 
A previous report on the interaction of CoPc with amitrole [269] proposed the 
involvement of the CoIIIPc-2/CoIIPc-2 redox processes.  FeIIIPc-2/FeIIPc-2 redox 
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processes may similarly be involved in the oxidation of amitrole since the        
FeIIIPc-2/FeIIPc-2 redox potential is very close to the oxidation potential of the 
amitrole (see Table 4.2). Thus, the mechanism through which electrocatalytic 
oxidation of amitrole operates at the FePcNP-CPE may be represented (for basic 
media where amitrole is an anion) as shown by Eqs. (4.2)–(4.4): 
FeIIPc-2  FeIIIPc-2 + e−       4.2 
FeIIIPc-2 + amitrole− [FeIIIPc-2(amitrole−)]    4.3 
[FeIIIPc-2(amitrole−)]  FeIIPc-2 + amitrole (oxidized)   4.4 
That is, initial oxidation of the FeIIPc-2 to FeIIIPc-2 is followed by the oxidation of the 
amitrole anion to its products via FeIIIPc-2 and subsequent regeneration of the  
FeIIPc-2 complex. 
4.1.4 Chronoamperometry with the FePcNP-CPE 
Chronoamperometry can be used to evaluate the catalytic rate constant [156, 277].  
To obtain the catalytic rate constant, chronoamperograms were obtained at a fixed 
potential of 0.60 V (versus Ag|AgCl) over 40 s for the FePcNP-CPE in the absence 
and presence of 1  10-9 M amitrole.  At the intermediate times (t = 0.8 – 2.2 s) 
used in this study, the catalytic current (Icat) is dominated by the rate of the 
electrocatalysed oxidation of amitrole, and the rate constant for the chemical 
reaction between amitrole and redox sites of the surface-confined FePcNP-CPE can 
be determined according to the method described in the literature [156,277]: 
 
    
  
     *(       (    )     (  ))      +   4.5 
where Icat and IL are the currents of the FePcNP-CPE in the presence and absence of 
amitrole, respectively, and  = kC0t  (C0 is the bulk concentration of amitrole) and erf 
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is the error function.  In the cases where  exceeds 2, the error function is almost 
equal to 1 and the above equation can be reduced to: 
 
    
  
              (    )
        4.6 
where k, C0 and t are the catalytic rate constant (M
−1 s−1), catalyst concentration 
(M), and time elapsed (s).  From the slope of a plot of Icat/IL versus t
1/2, the value of 
k for a given concentration of amitrole can be calculated.  Figure 4.8 shows one 
such plot, constructed from the chronoamperograms for the FePcNP-CPE in the 
absence and presence of 1  10−9 M amitrole, and the value of k was found to be 
50.4 x 106 M−1 s−1 (Table 4.3).   
  
Figure 4.8:  A plot of Icat/IL vs t
½
 for the catalytic oxidation of amitrole with the FePcNP-CPE.  
Electrolyte is pH 12 phosphate buffer.  Supporting electrolyte:  0.05 M Na2SO4.  
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amitrole in pH 12.0 phosphate buffer solution.  The electrode surface had to be 
renewed and a new chronoamperogram recorded after each addition of an amitrole 
aliquot, because of fouling of the electrode surface by amitrole and/or its oxidation 
products.  A plot of amperometric response (Ip) versus amitrole concentration was 
linear from 1 to 7 nM, stabilising at concentrations >7 nM due to a possible decrease 
in the conductive area of the catalyst (Figure 4.9).  
 
 
Figure 4.9:  Chronoamperogramms obtained with the FePcNP-CPE in different concentrations of   
amitrole.  Inset: Plot of current response (represented by chronamperogram) against concentration of 
amitrole.  Reference electrode:  Ag| AgCl (3 M KCl). 
 
The sensitivity of the electrode was obtained from the slope of the calibration curve 
(see inset, Figure 4.9), and the limit of detection was calculated using the YB +3B 
criterion [278] (i.e., the intercept plus three times the standard deviation of the 
blank).  The data obtained is summarized in Table 4.3. 
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Table 4.3:  Electrochemical parameters associated with FePcNP-CPE and NiPcNP-CPE.  Reference 
electrode: Ag|AgCl (3 M KCl).   
Parameter FePcNP-CPE NiPcNP-CPE 
Analyte Amitrole (in pH 12 PBS with 
0.05 M Na2SO4) 
Asulam (in pH 7 PBS) 
Detection Potential ~0.55 V ~0.93 V 
Limit of Detection 2.48 nM  
(1.07 Ma, 0.38 Mb) 
61.9 nM  
(1.74 Mc, 7.1 Md) 
Catalytic rate 
constant 
50.4  106 M-1 s-1  
(18.95  10-2 s-1)b 
1.26  103 M-1 s-1 
(1.108  103 M-1 s-1)e 
Sensitivity 2.00 A/nM  
(4.41 pA/nMa, 0.073 nA/nMb) 
1.98 A/M  
(0.91 A/Mc) 
Linear Measuring 
Range 
1 – 7 nM 
(23.0 – 230 nMa, 0 – 260 Mb) 
0.4 – 2 M 
(4 – 109 Mc,10 – 90 Md) 
Stability of electrode ~92 % of initial current 
recovered upon renewal of CPE 
surface 
~90 % of initial current 
recovered upon renewal of 
CPE surface  
a ref 269, b ref 274, c ref 225, d ref 231, and e ref 282. 
Detection limits ranging from 0.3 – ~1.0 M with sensitivities in the order of A/M 
have been obtained previously using carbon paste modified with cobalt 
phthalocyanine complex [269] or with lead–ruthenium oxide pyrochlore chemically 
modified electrode [274].  The sensitivity and detection limit shown by the FePcNP-
CPE (Table 4.3) are approximately three orders of magnitude better than these 
previous reports [269,274] (Table 4.3) for the electrocatalytic detection of amitrole.  
This shows that the FePcNP-CPE is far more electrocatalytic towards amitrole 
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oxidation (in terms of current enhancement) than the electrodes in these reports 
[269,274], and this is confirmed by the much higher catalytic rate constant exhibited 
by the FePcNP-CPE (Table 4.3).  These results further indicate that the FePcNP-CPE 
would improve the sensitivity and limit of detection of amitrole if a more sensitive 
analytical technique such as the FIA-Amp is employed. 
4.1.5 Selectivity of the FePcNP-CPE 
The selectivity of the electrode was investigated using the mixed solution method 
[279]. The concentration of the interfering species and amitrole were 10−6 and 10−7 
M, respectively.  The selectivity was checked against NH4SCN (a common component 
of many amitrole-based herbicide formulations) and asulam. The values of Kamp 
(where Kamp = the amperometric selectivity coefficient) were determined from 
Equation 4.7 [279] for analysis in the presence of NH4SCN (a similar equation will 
apply for analysis in the presence of other interfering ions): 
       (
         
          
  )
          
        
    4.7 
where Imixture and Iamitrole are respectively, the changes in current for the mixture 
containing amitrole and the interfering ion, and amitrole alone.  The Kamp values are 
(7.41 ± 0.14)  10−4 for NH4SCN but (3.16 ± 0.10)  10
−3 for asulam. According to 
Stefan et al. [279], a Kamp value less than 10
−3 (as obtained for NH4SCN) clearly 
indicates non-interference.  On the other hand, if the Kamp value falls within the 
order of 10−3 (as obtained for asulam), that suggests that the species is an 
interferent but not a strong one. Thus, the proposed electrode can be reliably used 
in the detection of amitrole in the presence of these species, particularly the 
NH4SCN, under the conditions employed in this work. 
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4.1.6 Application of FePcNP-CPE to real sample analysis 
To assess the applicability of the developed electrode for the proposed direct 
amperometric procedure, a commercially available amitrole herbicide Illico, was 
analysed by the standard addition method.  A fresh, unbuffered,  tap water sample 
containing 1.9 nM of commercial amitrole (in Illico) was spiked with 3.0 nM aliquots 
of amitrole.  Six replicate determinations showed recovery of 99.61 ± 0.12% of the 
spike.  When the experiment was performed using pH 12.0 phosphate buffer instead 
of unbuffered tap water, a 98.46 ± 0.24% recovery of amitrole was realized, which 
is about the same value as the manufacturer‘s cited values.  These results thus 
demonstrate the suitability of the proposed FePcNP-CPE for real sample analysis. 
4.1.7 Stability and reproducibility of the FePcNP-CPE 
The effect of continuous scanning (20 scans) on the catalytic peak currents using 
cyclic voltammetry (at 25 mVs−1) was investigated at a fixed concentration of 
amitrole (1  10−5 M).  A dramatic decrease in peak currents (>70%) was observed 
after the first scan, which is an indication of a poisoned electrode possibly due to 
strong co-ordination of the oxidation product(s) of amitrole with the FePcNP catalyst.  
However, upon renewal of the electrode by simply polishing on an alumina paper or 
pushing and cutting the paste to obtain a new surface, 90% of the initial catalytic 
current was recovered (Table 4.3).  Electrode fouling is less significant at low 
(nanomolar) range than at much higher amitrole concentration, meaning less 
polishing during the analysis of amitrole at low concentrations.  The FePcNPs used in 
the fabrication of this electrode have been repeatedly used for the CPE for up to 8 
months for the fabrication of this carbon paste electrode without detectable change 
in its response towards the detection of amitrole. 
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4.2  The Electroanalytical detection of asulam. 
4.2.1 Optimisation of parameters 
Electrolyte ions are the only ions in the buffer solutions used, since anion 
optimization was not done in this study.  The effect of changes in pH of 1.0 mM 
asulam on current response was first investigated.  The NiPcNP-CPE was chosen as 
an example for these studies.  Effect of pH on the detection of asulam is shown in 
Figure 4.10. 
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Figure 4.10:  The effect of changes in pH of 1  10-3 M asulam at a NiPcNP-CPE.   
 
Two maxima, one at pH 3 and a higher one at pH 7, can be observed.  These peaks 
are in close agreement with the current peaks observed at about pH 2 and pH 6 by 
other workers [231].  Since the higher peak current occurred at pH 7, and to achieve 
similarity with biological pH conditions, asulam solutions were prepared at pH 7.  It 
was also established that a 3% NiPcNP loading in the carbon paste gave the best 
current response (Figure 4.11).  The NiPcNP-CPE and the other MPcNP-CPEs were 
prepared using this fraction of MPcNPs for further studies.  
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Figure 4.11:  Effect of NiPcNP loading of NiPcNP-CPE on current response of pH 7 
phosphate buffer containing 1  10-3 M asulam. 
 
4.2.2 Electrocatalytic behavior of the MPc- and MPcNP-CPEs in 
asulam 
The electrocatalytic behavior of the MPc- and MPcNP-CPEs was then investigated 
using these conditions: asulam dissolved in pH 7 phosphate buffer solution, and 3% 
MPc and MPcNP loading on CPE.  Cyclic voltammograms of the bare CPE, the MPc-
CPE, and the MPcNP-CPE in 10-3 M asulam are shown in Figure 4.12. 
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Figure 4.12: Cyclic voltammograms of pH 7 phosphate buffer containing 1  10-3 M asulam, 
obtained with different MPc-CPEs and MPcNP-CPEs (M = Mn, Ni, Co, Fe).  Scan rate = 0.025 
V/s.  Reference electrode: Ag|AgCl (3 M KCl). 
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From the cyclic voltammograms in Figure 4.12, it is observed that only the NiPcNP-
CPE shows electrocatalytic behavior towards asulam (Figure 4.12).  The current 
response increases from about 14.4 A with the CPE to about 18 A with the 
NiPcNP.  This enhancement of current shows that the NiPcNP-CPE is electrocalalytic 
towards the oxidation of asulam.  Therefore further investigations were conducted 
with the NiPcNP-CPE.  The rest of the MPcNPs showed no catalytic activity towards 
asulam oxidation (Figure 4.12)  
4.2.3 Mechanism of asulam oxidation with the NiPcNP-CPE 
The number of electrons involved in asulam oxidation at the NiPcNP-CPE surface was 
obtained from a plot of oxidation potential against pH of asulam solution (Figure 
4.13).   
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Figure 4.13:  Plot of peak potential (EP) vs pH for NiPcNP-CPE in phosphate buffer 
containing 1 x 10-3 M asulam.  Reference electrode:  Ag|AgCl (3 M KCl). 
 
From the plot above, it is observed that the peak potential decreases gradually with 
increasing pH values, with a slope of ~ 27 mV/pH.  This slope is in close agreement 
with the theoretical value of 30 mV/pH at 25C for a two-electron transfer process.  
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A two-electron transfer oxidation process for asulam was reported by other workers 
as well [232].  Also, a plot of Ipa/
½ versus  resulted in the characteristic shape that 
is typical of a catalytic process (Figure 4.14). 
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Figure 4.14:  A plot of IP/
½
 vs  for NiPcNP-CPE in pH 7 phosphate buffer containing 1  
10-3 M asulam. 
 
A plot of anodic peak current (IP) against the square root of scan rate (
1/2) (Figure 
4.15) resulted in a straight line, indicating that the oxidation of asulam at the 
electrode surface is diffusion-controlled.   
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Figure 4.15:  Plot of IP vs 
½
 for NiPcNP-CPE in pH 7 phosphate buffer containing 1  10-3 M 
asulam. 
 
A plot of EP versus ½ log  (Figure 4.16) gave a linear relationship, with a Tafel 
slope of approximately 65 mV/decade, suggesting that the electrocatalysed oxidation 
of asulam is a two-electron transfer process, assuming a transfer coefficient,   0.5 
at 298 K.  This is to be expected since the oxidation of carbamates (and asulam 
belongs to this group of compounds) consists of two, one-electron transfer steps 
[280,281]. 
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Figure 4.16:  Cyclic voltammograms obtained at different scanrates with the NiPcNP-CPE in 
pH 7 phosphate buffer containing 10-3 M asulam.  Inset: plot of potential (E) vs ½ log . 
Reference electrode: Ag|AgCl (3 M KCl).   
  
Asulam oxidation occurs in the same region as NiPc ring oxidation (Table 4.2).  
Thus, the mechanism through which electrocatalytic oxidation of asulam may occur 
at the NiPcNP-CPE may be represented as shown in the following mechanism, which 
is based on the general mechanism for the oxidation of carbamates [280,281]: 
 NiIIPc-2  [NiIIIPc-2]+ + e-       4.8 
 [NiIIIPc-2]  [NIIIPc-1] + e-       4.9 
 [NiIIIPc-1]+ + asulam  NiIIPc-2 + asulam oxidation products  4.10 
That is, ring oxidation of the NiIIPc-2 occurs which facilitates electron-transfer from 
the nitrogen lone pair of the asulam [280,281]. 
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4.2.4 Chronoamperometry with the NiPcNP-CPE 
The catalytic rate constant for asulam on the NiPcNP-CPE was determined using 
chronoamperometry.  Chronoamperograms were obtained at a fixed potential of 1.0 
V (versus Ag|AgCl, 3 M KCl) over 500 s for the NiPcNP-CPE in the absence and 
presence of 1  10-6 M asulam, within the intermediate time interval: t = 30 s  t = 
36 s.  A plot of Icat/IL against t
½ (Figure 4.17) gave a catalytic rate constant of 1.26 
 103 M-1 s-1.  No value could be found in the literature for the catalytic rate constant 
for the oxidation of asulam, but the rate constant obtained is quite comparable to 
that obtained for the oxidation of carbofuran (a carbamate pesticide) by ozone [282] 
(Table 4.3).   This shows that the electrochemical oxidation of asulam at the 
NiPcNP-CPE is fairly fast, considering that ozone is a highly reactive compound.  
 
Figure 4.17:  A plot of Icat/IL vs t
½
 for the catalytic oxidation of asulam with the FePcNP-CPE.    
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Electrochemical detection of asulam was performed using chronoamperometry 
because of the sensitivity of the technique.  There was a steady increase in current 
response following addition of increasing concentrations of asulam in pH 7 
phosphate buffer solution.  Again, the electrode surface had to be renewed and a 
new chronoamperogram recorded after each and every addition of an asulam 
aliquot, because of fouling by the products of asulam oxidation which adsorb easily 
on the CPE surface, thus reducing the current considerably.  A plot of amperometric 
response versus asulam concentration was linear from 0.4 to about 2 M (Figure 
4.18, inset). 
 
 
Figure 4.18:  Chronoamperograms obtained with the NiPcNP-CPE in different concentrations of 
asulam.  Inset: Plot of current (IP) against concentration of asulam.  Reference electrode: Ag|AgCl (3 
M KCl). 
 
0 100 200 300 400 500 600
Time(t)/s
2.0 M
1.5 M
1.0 M
0.8 M
0.6 M
0.4 M
0.0 M
1.0 A
y = 1.043x + 0.004
R² = 0.955
0
0.5
1
1.5
2
2.5
0.00 0.50 1.00 1.50 2.00 2.50
C
u
rr
e
n
t(
I)
/
A
[asulam]/M
141 
 
The sensitivity of the NiPcNP-CPE was determined from the slope of the calibration 
curve, and the limit of detection was calculated using the YB + 3 criterion.  The 
analytical data is summarized in Table 4.3.  The limit of detection and sensitivity 
obtained with the NiPcNP-CPE are better than those reported for asulam at a glassy 
carbon electrode [231] and a glassy carbon electrode coupled to a capillary 
electrophoresis instrument [225] (Table 4.3).   
4.2.5 Stability of the NiPcNP-CPE 
The effect of continuous scanning (17 scans) on the catalytic peak currents was 
investigated at a fixed concentration of asulam (1  10-4 M) using cyclic 
voltammetry.  A significant decrease in peak current ((~ 43 % at the last scan) was 
observed with an increase in number of scans when the electrode was left 
unrenewed, which is an indication of a poisoned electrode. However, upon renewal 
of the electrode by polishing on alumina paper, the decrease was more gradual 
(Figure 4.19).  An initial sample of NiPcNPs was used repeatedly for about 7 
months to prepare the NiPcNP-CPE without any detectable change in its response 
towards the detection of asulam. 
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Figure 4.19:  : IP vs Number of Scans for the NiPcNP-CPE in 1  10
-3 M asulam when the 
electrode surface is renewed (1) and not renewed (2).  Scan rate = 0.025 V/s. 
 
4.3 Conclusions 
Four carbon paste electrodes (MnPcNP-CPE, FePcNP-CPE, NiPcNP-CPE, and CoPcNP-
CPE) were constructed and their electrocatalytic behaviour towards amitrole and 
asulam oxidation was investigated.  Further investigations were conducted on the 
electrodes that displayed the most electrocatalytic behaviour to establish the 
associated electrochemical parameters.  Based on these investigations, the following 
conclusions can be made: 
1. The FePcNP-CPE displayed the best electrocatalytic behaviour towards 
oxidation of amitrole.  Furthermore, the electrode exhibited a very high 
catalytic rate constant (50.4  106 M-1 s-1), high sensitivity (2.00 A/nM), low 
LOD (2.48 nM), but a rather narrow linear concentration range (1 – 7 nM), in 
comparison with reported literature values. 
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2. The NiPcNP-CPE showed the best electrocatalytic behaviour towards asulam 
oxidation.  The electrode displayed a high catalytic rate constant (1.26  103 
M-1 s-1) (no literature values were found for asulam oxidation, to compare 
with), high sensitivity(1.98 A/M ), a low LOD (61.9 nM), but a narrow linear 
concentration range (0.4 – 2.0 M), in comparison with reported literature 
values.   
3.  Both electrodes can be used repeatedly if the surface is renewed.  
 
Since the FePcNP-CPE and NiPcNP-CPE were the best performing electrodes in 
amitrole and asulam solutions, respectively, the FePc and NiPc nanoparticles were 
mixed with multiwalled carbon nanotubes (MWCNTs) and the behaviours of the 
resulting electrodes in the corresponding analytes were investigated.  This is 
discussed in the next chapter. 
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Chapter 5 
 
Electroanalysis with Basal Plane Pyrolytic Graphite 
Electrode Modified with NiPcNP/MWCNT and 
FePcNP/MWCNT Composites. 
 
In this chapter, basal plane pyrolytic graphite electrodes modified with 
NiPcNP/MWCNT and FePcNP/MWCNT are employed in the electroanalytical 
detection of amitrole and asulam. 
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5.1 Electroanalytical Detection of Amitrole 
5.1.1 Electrocatalysis of amitrole  
These studies were done with the FePcNP/MWCNT-BPPGE since a CPE modified with 
FePcNPs displayed the best electrocatalytic behavior towards amitrole detection.  
Comparative cyclic voltammograms of the BPPGE, MWCNT-BPPGE, FePcNP-BPPGE, 
and FePcNP/MWCNT-BPPGE recorded in 0.1 M PBS (pH 12.0) containing 1  10−3 M 
amitrole are shown in Figure 5.1. 
 
  
Figure 5.1:  Cyclic voltammograms of different electrodes in 1 x 10-3 M amitrole in 0.1 M 
phosphate buffer solution at pH 12.  Supporting electrode is 0.05 M Na2SO4.  Scan rate = 
0.025 V/s.  Reference electrode: Ag|AgCl (3 M KCl). 
 
All the modified electrodes, that is, the MWCNT-BPPGE, FePcNP/MWCNT-BPPGE and 
FePcNP-BPPGE display electrocatalytic behaviour towards amitrole oxidation when 
attached to the BPPGE surface , in terms of lowering of potential and increase in 
current.  The cyclic voltammogram of amitrole on the MWCNT–BPPGE shows two 
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peaks, one broad peak at ~ 0.33 V, and the other, the amitrole oxidation peak at 
about 0.57 V. Such double oxidation peaks have been observed before for CNT-
based electrodes during electrocatalysed detection [260].   Two peaks for the 
oxidation of thiols on MWCNT were attributed [26] to oxidation at different parts of 
the MWCNT.  Based on these reports, the first peak (at ~ +0.33 V) is attributed to 
amitrole oxidation at the quinone-like functional groups at the tube ends of the 
MWCNT, while the second peak (i.e., at ~ +0.57 V) is attributed to amitrole 
oxidation at the edge plane-like carbon at the MWCNT [26] (Table 5.1). This 
explanation is consistent with the work done by Gong et al. [260], where two of 
such peaks were observed for thiols with SWCNT-based electrodes.   
 
The amitrole oxidation potentials (EP) with the different electrodes follow the trend: 
BPPGE > FePcNP-BPPGE  FePcNP/MWCNT-BPPGE > MWCNT-BPPGE (Table 5.1).  
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Table 5.1:  The oxidation potentials (E/V vs Ag|AgCl, 3 M KCl) of 10-3 M amitrole and 10-3 M asulam 
with MPcNP/MWCNT-BPPGEs (M = Fe, Ni). 
Electrode Oxidation 
potential (E) 
of 10-3 M 
amitrole  
Oxidation 
potential (E) 
of 10-3 M 
asulam  
Redox 
process of 
MPc 
Redox 
potential 
of MPc 
process 
at pH 12 
Redox 
potential 
of MPc 
process 
at pH 7 
BPPGE 0.65 V 0.96 V ---------- --------- ---------- 
MWCNT-BPPGE 0.57 V 0.93 V ---------- ---------- ---------- 
FePcNP/MWCNT-
BPPGE 
0.61 V -------- FeIIIPc-2 
/FeIIPc-2 
0.4 V --------- 
FePcNP-BPPGE 0.61 V -------- FeIIIPc-2 
/FeIIPc-2 
0.4 V --------- 
NiPcNP-BPPGE ---------- 0.94 V NiIIPc-1 
/NiIIPc-2 
------- 0.89 V 
NiPcNP/MWCNT-
BPPGE 
---------- 0.90 V NiIIPc-1 
/NiIIPc-2 
------- 0.71 V 
  
The relatively low oxidation potential (hence faster electrode kinetics) displayed by 
the MWCNT-BPPGE for amitrole oxidation were also predicted by electrochemical 
impedance spectroscopy and cyclic voltammetry characterizations.  However, the 
two broad, overlapping current peaks displayed by the MWCNT-BPPGE may result in 
inaccurate amitrole current responses being measured since one contributes to the 
current response of the other.  Therefore, the FePcNP/MWCNT-BPPGE, which 
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displayed the next best catalytic behaviour in terms of both current and potential, 
was chosen for further investigation because of these factors. 
5.1.2 Mechanism of amitrole oxidation using the FePcNP/MWCNT-BPPGE 
A plot of Ipa against 
½ (Figure 5.2) resulted in a straight line, showing that for this 
electrode, amitrole oxidation is diffusion-controlled.  A plot of Ipa/
½ against  
(Figure 5.3) resulted in the characteristic shape that is typical of a catalytic process 
[270]. 
  
  
Figure 5.2:  Plot of current (IP) vs 
½
 for FePcNP/MWCNT-BPPGE in pH 12 phosphate buffer 
containing 1  10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4. 
 
y = 21.439x + 1.7679 
R² = 0.9937 
0
5
10
15
20
25
0 0.2 0.4 0.6 0.8 1
C
u
rr
en
t(
I P
) 
/ 

A
 
½/ (V/s)½ 
149 
 
Figure 5.3:  Plot of IP/
½
 vs  for FePcNP/MWCNT-BPPGE in pH 12 phosphate buffer 
containing 1  10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4.  
 
From a plot of oxidation peak potential (Ep) against ½ log  (Figure 5.3, inset), a 
Tafel slope of 191 mV/decade was obtained.  It has been established that amitrole 
oxidation is a one-electron transfer process, therefore the Tafel slope (from equation 
4.1) was expected to be ~120 mV/decade (assuming  = ½).  The steeper slope of 
191 mV/decade means that there is adsorption as well on the electrode surface, as 
has been mentioned earlier (amitrole and/or its products bind to the catalyst on the 
electrode surface) [274].  Also, amitrole oxidation occurs in the same region as the 
FeIIIPc-2/FeIIPc-2 redox process (Table 5.1).  From this discussion, it is suggested 
that the oxidation of amitrole at the FePcNP/MWCNT-BPPGE surface should follow a 
mechanism similar to that proposed earlier for amitrole detection with an FePcNP-
CPE (equations 4.2 – 4.4). 
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5.1.3 Chronoamperometry with the FePcNP/MWCNT-BPPGE 
Chronoamperometry was used to evaluate the catalytic rate constant [156, 280].  To 
obtain the catalytic rate constant, chronoamperograms were obtained at a fixed 
potential of 0.65 V (versus Ag|AgCl) over 40 s for the FePcNP/MWCNT–BPPGE in the 
absence and presence of 1  10−4 M amitrole, at the intermediate times, t = 1.0 – 
2.2 s.  From the slope of a plot of Icat/IL versus t
1/2 (Figure 5.4) (see equation 4.6), 
the value of k was found to be 18.05 M−1 s−1 (Table 5.2).  The value of K is lower 
than that obtained with the FePcNP-CPE, but it is still 100 times higher than that 
obtained with a Nafion/lead–ruthenium oxide pyrochlore chemically modified 
electrode [274] (Table 5.2). 
 
 
Figure 5.4: A plot of Icat/IL vs t
½
 for the catalytic oxidation of amitrole with the  
FePcNP/MWCNT-BPPGE.  Supporting electrolyte is 0.05 M Na2SO4. 
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The chronoamperometric response with the FePcNP/MWCNT-BPPGE did not show 
any  detectable variation with increase in amitrole concentration at very low 
concentrations ( 1  10-5 M).  High concentrations of amitrole had to be used in this 
experiment (10-4 M range), and SWV was chosen for current-concentration studies 
of amitrole because of the sharp current peaks obtained with the technique which 
afforded greater accuracy of measurement (Figure 5.5).  The amperometric 
response showed a linear relationship with concentration of amitrole within the 
range 1  10-4 M  9  10-4 M.  The linear measuring range is wider than the one 
obtained with the FePcNP-CPE but narrower than the ones reported in the literature 
(Table 5.2). 
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Figure 5.5:  Square wave voltammograms for FePcNP/MWCNT-BPPGE in amitrole solutions of 
increasing concentration (1.0  9.0  10-4 M) prepared with 0.1 M phosphate buffer solution at pH 
12.  Supporting electrolyte is 0.05 M Na2SO4.  Reference electrode:  Ag|AgCl, 3 M KCl. 
   
From the calibration curve the sensitivity of the electrode was determined to be 
25.97 A/mM and the limit of detection was estimated to be ~5.2 M (Table 5.2), 
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using the y = yB + 3 criterion.  The LOD value is less favourable than those 
reported in literature or that obtained on FePcNP-CPE (Table 5.2).   
 
Table 5.2:  Electrochemical parameters associated with FePcNP/MWCNT-BPPGE and 
NiPcNP/MWCNT-BPPGE (vs Ag|AgCl, 3 M KCl).  The values in round brackets were obtained with the 
corresponding MPcNP-CPE. 
Parameter FePcNP/MWCNT-BPPGE NiPcNP/MWCNT-BPPGE 
Analyte Amitrole (in pH 12 PBS) Asulam (in pH 7 PBS) 
Detection Potential 0.61 V  (0.55 V) 0.9 V  (0.9 V) 
Limit of Detection 5.2 M  (2.48 nM) 
[1.07 Ma, 0.38 Mb] 
0.285 M  (61.9 nM) 
[1.74 Mc, 7.1 Md] 
Sensitivity 25.97 pA/nM  (2.00 A/nM) 
[4.41 pA/nMa, 0.073 nA/nMb] 
44.6 nA/M  (1.98 A/M) 
[0.91 A/Mc] 
Linear Measuring 
Range 
1  9  10-4 M (1  7 nM) 
[23.0 – 230 nMa, 0 – 260 Mb] 
91  412 M (0.4  2 M) 
[4 – 109 Mc, 10 – 90 Md] 
Catalytic Rate 
constant  
18.05 M-1 s-1  
(50.4  106 M-1 s-1) 
[18.95  10-2 s-1]b 
13.04 M-1 s-1  
(1.26  103 M-1 s-1) 
[1.108  103 M-1 s-1]e 
Stability ~90% of initial current 
recovered upon rinsing in pH 7 
phosphate buffer after 
measurement. 
(92% with FePcNP-CPE) 
~86 % of initial current 
recovered upon rinsing in pH 
7 phosphate buffer after 
measurement. 
(90% with NiPcNP-CPE) 
a ref 269, b ref 274, c ref 225, d ref 231, and e ref 282. 
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The sensitivity is lower than that displayed by the FePcNP-CPE but higher than the 
reported literature values, and the catalytic rate constant is lower than that obtained 
with the FePcNP-CPE but higher than the reported literature value (Table 5.2).  The 
detection potential with the FePcNP/MWCNT-BPPGE is slightly higher (at 0.61 V) 
than that obtained with the FePcNP-CPE (0.55 V), and the percentage recovery of 
current response after rinsing with buffer (~90%) is almost the same as that 
obtained with the FePcNP-CPE upon renewal of electrode surface (~92%). 
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5.2 Electroanalytical Detection of Asulam 
5.2.1 Electrocatalysis of asulam with NiPcNP/MWCNT-BPPGE 
In chapter 4, a carbon paste electrode modified with NiPcNPs displayed the best 
electrocatalytic behaviour towards asulam oxidation, therefore the NiPcNP/MWCNT-
BPPGE was employed in asulam studies in this chapter.  Figure 5.6 shows the 
comparative background-corrected cyclic voltammograms of the BPPGE, NiPcNP-
BPPGE, and NiPcNP/MWCNT-BPPGE recorded in 0.1 M PBS (pH 7.0) containing 1  
10−3 M asulam. 
   
Figure 5.6:  Background-corrected cyclic voltammograms for BPPGE, MWCNT-BPPGE, 
NiPcNP-BPPGE, and NiPcNP/MWCNT-BPPGE in 10-3 M asulam.  Supporting electrolyte is 0.1 M 
phosphate buffer at pH 7.  Reference electrode:  Ag|AgCl, 3 M KCl. 
 
 It is clearly seen that NiPcNP/MWCNT-BPPGE gave the best electrocatalytic behavior 
as its onset potential (~0.65 V) is about 100 mV lower than that of the MWCNT-
BPPGE which occurs at ~0.75 V, and ~150 mV lower than that of the other 
electrodes that occurs at approximately 0.8 V (see Table 5.2 for values of oxidation 
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peak potentials of the different electrodes).  The enhanced catalysis observed at the 
NiPcNP/MWCNT-BPPGE is attributed to the nanocomposite nature of the 
NiPc/MWCNTs as already explained in the discussion on electron transport.  
5.2.2 Mechanism of electrocatalytic oxidation of asulam 
A plot of Ipa against 
½ (Figure 5.7) resulted in a straight line, showing that for this 
electrode, asulam oxidation is diffusion-controlled.  A plot of Ipa/
½ against  (Figure 
5.8) resulted in the characteristic shape that is typical of a catalytic process [268]. 
 
  
Figure 5.7:  Plot of Peak current (IP) vs 
½
, for NiPcNP/MWCNT-BPPGE in phosphate buffer 
at pH 7 containing 1  10-3 M asulam.  
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Figure 5.8:  Plot of IP/
½
 vs  for NiPcNP/MWCNT-BPPGE in phosphate buffer at pH 7 
containing 1 x 10-3 M asulam. 
 
The oxidation of asulam occurs in the same region as the ring oxidation of the NiPc 
[255- 256] (Table 5.1) and the mechanism proposed in chapter 4 (equations 4.8 – 
4.10) applies. 
5.2.3 Chronoamperometry with the NiPcNP/MWCNT-BPPGE 
Chronoamperometry was used to evaluate the catalytic rate constant as explained in 
section 5.1.3.  To obtain the catalytic rate constant (k), chronoamperograms were 
obtained at a fixed potential of 0.92 V (versus Ag|AgCl, 3M KCl) over 60 s with the 
NiPcNP/MWCNT–BPPGE in the absence and presence of 1  10−4 M asulam.  From 
the slope of a plot of Icat/IL versus t
1/2 (Figure 5.9), the value of k was calculated 
using equation 4.6 and found to be 13.04 M−1 s−1.  This value of k is about 100 
times less than the value obtained with the NiPcNP-CPE and the literature value for 
the oxidation of carbofuran by ozone (Table 5.2).  
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Figure 5.9: A plot of Icat/IL vs t
½
 for the catalytic oxidation of asulam with the 
NiPcNP/MWCNT-BPPGE.   
 
The analytical performance of the NiPcNP/MWCNT-BPPGE was tested by employing 
it in the chronoamperometric detection of asulam under pH 7.0 conditions (Figure 
5.10) at a fixed potential of 0.92 V (vs Ag|AgCl, 3 M KCl).  The plot showed linearity 
over the concentration range of 91– 412 μM with a sensitivity of 44.6 μA.mM−1 and 
a detection limit of 0.285 μM using the YB+3σ criterion (Table 5.2). 
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Figure 5.10:  Chronoamperograms recorded on sequential injection of aliquots of asulam     
(1 ml of 1×10−3M) to pH 7 buffer using NiPcNP/MWCNT-BPPGE.  
  
It is noteworthy that NiPcNP/MWCNT-BPPGE displayed a comparable or even better 
analytical data than reported works such as the limits of detection of 7 and 1.7 μM 
recorded for asulam at a glassy carbon electrode [231] and a glassy carbon 
electrode coupled to a capillary electrophoresis instrument [225], respectively.  A 
comparison of the electrochemical parameters listed in Table 5.2 shows that (i) the 
detection potential remains the same for both the NiPcNP-CPE and the 
NiPcNP/MWCNT-BPPGE (~0.9 V), (ii) the limit of detection and sensitivity are better 
with the NiPcNP-CPE than the NiPcNP/MWCNT-BPPGE (iii) the linear measuring 
range is improved with the NiPcNP/MWCNT-BPPGE.  A low limit of detection, high 
sensitivity, a wide linear measuring range, and a stable electrode with repeatable 
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measurements are amongst the desirable attributes of a good electrode.  However, 
the relative importance of the factors mentioned above also depends on the 
intended use of the electrode.  The NiPcNP-CPE, with its lower limit of detection and 
higher sensitivity, may be a better electrode to use than the NiPcNP/MWCNT-BPPGE 
if the concentration range is to be strictly monitored and adhered to, assumimg that 
the other factors are the same for both electrodes.  Any concentration outside this 
range becomes unimportant.  However, if the concentration is unknown and/or so 
high that it lies outside the NiPcNP-CPE measuring range, then this electrode will not 
be very useful, and the NiPcNP/MWCNT-BPPGE may be the better electrode to use 
because of its wide linear measuring range.  
5.2.4 Stability of the NiPcNP/MWCNT-BPPGE 
The stability of the electrode was examined by studying the impact of scan number 
on the current response (Figure 5.11).  
 
Figure 5.11:  Plot of current response (IP) vs scan number for the NiPcNP/MWCNT-BPPGE in 
phosphate buffer at pH 7 containing 10-3 M asulam. 
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The plot shows that the current response decreases to 42% of its initial value after 
about the fourth scan and then stabilizes.  Also, 86% of the initial current response 
is recovered upon rinsing of the electrode in phosphate buffer at pH 7.  
Furthermore, if the electrode is rinsed and then left in the refrigerator for 2 weeks, 
91% of the initial current response is displayed. 
5.3 Conclusions 
An FePcNP/MWCNT-BPPGE and NiPcNP/MWCNT-BPPGE were constructed and their 
ability to catalyse amitrole and asulam oxidation, respectively, were investigated.  
The electrode parameters associated with the electrocatalytic detection of amitrole 
and asulam were also established.  The following conclusions can be made: 
1. Although the FePcNP/MWCNT-BPPGE showed electrocatalytic behaviour 
towards amitrole oxidation, its detection potential of 0.61 V is higher than 
that of the FePcNP-CPE (0.55 V).  Its catalytic rate constant of 18.05 M-1 s-1 is 
far lower than that of the FePcNP-CPE (50.4  106 M-1 s-1), and its sensitivity 
(25.97 pA/nM) is far lower than the 2.00 A/nM displayed by the FePcNP-CPE.  
Its LOD is very high (5.2 M), in comparison to the 2.48 nM obtained with the 
FePcNP-CPE, and the linear concentration range (1 – 9  10-4 M) displayed by 
the FePcNP/MWCNT-BPPGE is actually obtained only at high concentrations of 
amitrole, making it imposible to measure very low amitrole concentrations 
such as those in the micro- or nanomolar range. 
2. The NiPcNP/MWCNT-BPPGE showed electrocatalytic behaviour towards 
asulam, and its detection potential of 0.9 V is similar to that of the NiPcNP-
CPE in the same analyte.  A catalytic rate constant of 13.04 M-1 s-1 was 
obtained at the NiPcNP/MWCNT-BPPGE.  This rate constant is much lower 
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than the 1.26  103 M-1 s-1 obtained at the NiPcNP-CPE, and the sensitivity of 
the NiPcNP/MWCNT is expectedly lower, at 44.6 nA/M, than the 1.98 A/M 
obtained with the NiPcNP-CPE.  The electrode displayed a LOD of 0.285 M, 
which is higher than the 61.9 nM obtained with the NiPcNP-CPE.  However, 
this electrode displayed a much wider linear concentration range of 91 – 412 
M than the 0.4  2 M concentration range displayed by the NiPcNP-CPE. 
3. Both electrodes could be used repeatedly if rinsed in buffer after each 
measurement, with the FePcNP/MWCNT-BPPGE showing a percentage 
recovery of 92% of the initial current after rinsing, and the NiPcNP/MWCNT-
BPPGE, a percentage recovery of 91%. 
 
In the next chapter, metal tetra-amino phthalocyanines (MTAPcs, M = Fe, Co, Mn, 
Ni) will be electropolymerized on the MWCNTs (instead of mixing the MPcs with the 
MWCNTs), and an investigation of the electrocatalytic behaviour of such electrodes 
will be done, using amitrole and asulam as test analytes.  
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Chapter 6 
 
Electroanalysis with Basal Plane Pyrolytic Graphite 
Electrode Modified with MWCNTs and 
Electropolymerized Metal tetra-amino 
phthalocyanines (MTAPcs). 
 
In this chapter, basal plane pyrolytic graphite electrodes modified with MWCNTs and 
electropolymerized MTAPcs are employed in the electroanalytical detection of 
amitrole and asulam. 
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6.1 Electroanalytical Detection of Amitrole 
6.1.1 Electrocatalysis of amitrole 
 Figure 6.1 shows the cyclic voltammograms of BPPGE, MWCNT-BPPGE, poly-
CoTAPc-MWCNT-BPPGE, poly- FeTAPc-MWCNT-BPPGE, poly- MnTAPc-MWCNT-
BPPGE, and poly- NiTAPc-MWCNT-BPPGE obtained from 1  10-3 M amitrole 
dissolved in a   phosphate buffer solution at pH 12 with 0.05 M Na2SO4 as the 
supporting electrolyte. 
   
Figure 6.1:  Cyclic voltammograms of different electrodes in pH 12 phosphate buffer 
containing 1  10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4.             
Scan rate = 0.025 V/s.  Reference electrode:  Ag|AgCl (3 M KCl). 
 
All the modified electrodes show catalytic behaviour when attached to the BPPGE 
surface, with the MWCNT-BPPGE displaying the best behaviour in terms of the 
detection potential.  Amongst the MTAPc-MWCNT-BPPGEs, the poly-FeTAPc-
MWCNT-BPPGE showed the best electrocatalytic behaviour in terms of reduction of 
potential and current enhancement (Figure 6.1).  A comparison of the current 
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response of the poly-FeTAPc-MWCNT-BPPGE with that of the poly-FeTAPc-BPPGE 
shows the effect of co-modification of the BPPGE surface with both MWCNTs and 
electropolymerized FeTAPc (Figure 6.2).  The current enhancement and negative 
potential shift is far more pronounced with the poly-FeTAPc-MWCNT-BPPGE than 
with the poly-FeTAPc-BPPGE. 
   
Figure 6.2:  Cyclic voltammograms of poly-FeTAPc-MWCNT-BPPGE, poly-FeTAPc-BPPGE, 
MWCNT-BPPGE and BPPGE in 1  10-3 M amitrole.  Supporting electrolyte is Na2SO4.        
Scan rate = 0.05 V.  Reference electrode: Ag|AgCl (3 M KCl) 
 
The pronounced electrocatalytic behaviour displayed by the poly-FeTAPc-MWCNT-
BPPGE relative to the poly-FeTAPc-BPPGE indicates that (i) modification of MWCNT 
with FeTAPc improves electronic communication between the amitrole and the 
BPPGE and (ii) electrocatalytic oxidation and detection of amitrole is improved 
further by electrodeposition of FeTAPc on the MWCNT surface.  The oxidation 
potentials of the different electrodes in the presence of MWCNTs (Table 6.1) follow 
the trend:  BPPGE > poly-NiTAPc-MWCNT-BPPGE > poly-MnTAPc-MWCNT-BPPGE > 
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poly-CoTAPc-MWCNT-BPPGE > poly-FeTAPc-MWCNT-BPPGE > MWCNT-BPPGE.  
Although the lowest amitrole detection potential (of all the electrodes) was obtained 
with the MWCNT-BPPGE, the poly-FeTAPc-MWCNT-BPPGE was chosen for further 
investigation because of the expected high sensitivity (due to the high current 
response) and better stability (less amitrole adsorption on this electrode surface than 
at the MWCNT-BPPGE surface) of the electrode (to be discussed later).   
   
The NiTAPc-MWCNT-BPPGE displayed the poorest electrocatalysis of the MTAPc-
MWCNT-BPPGEs, in terms of current enhancement and detection potential.  The 
redox couple that appears at ~0.5 V at the NiTAPc-MWCNT-BPPGE is due to the 
NiIIIPc-2/NiIIPc-2 redox process mentioned earlier [255-258].   An interesting 
observation from Table 6.1 is that, although poly-NiTAPc-MWCNT-BPPGE displayed 
the highest amitrole oxidation potential in comparison to the other poly-MTAPc-
MWCNT-BPPGEs, the corresponding poly-NiTAPc-BPPGE (without MWCNTs) 
displayed the lowest amitrole oxidation potential when compared to the other poly-
MTAPc-BPPGEs.  The reason may be that, with the poly-NiTAPc-BPPGE, amitrole 
oxidation may be catalysed by the NiIIIPc-2/NiIIPc-2 redox process whereas this is not 
the case with the poly-NiTAPc-MWCNT-BPPGE, where amitrole oxidation occurs at a 
potential which is lower than the half-wave potential of the NiIIIPc-2/NiIIPc-2 couple 
and is thus unaffected by it.   
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Table 6.1:  Oxidation potentials (EP/V vs Ag|AgCl (3 M KCl) of different electrodes in 1  10
-3 M 
amitrole at pH 12 and in 1  10-3 M asulam at pH 7.   
Electrode Oxidation 
potential 
of 10-3 M 
amitrol 
Oxidation 
potential 
of 10-3 M 
asulam 
Redox process of 
MPc 
Potential of 
redox 
process of 
MPc in pH 
12 
Potential 
of redox 
process of 
MPc in pH 
7 
BPPGE 0.66 V  0.96 V  ------------- ------------ ----------- 
MWCNT-
BPPGE 
0.34 V  0.89 V  --------------- ------------ ----------- 
Poly-
MnTAPc-
MWCNT-
BPPGE 
0.56 V  0.86 V  MnIVPc-2/MnIIIPc-2 
 
 
0.36 V 
 
0.56 V 
 
Poly-FeTAPc-
MWCNT-
BPPGE 
0.44 V  0.88 V FeIIIPc-2/FeIIPc-2 
 
0.38 V 
 
0.56 V 
 
Poly-NiTAPc-
MWCNT-
BPPGE 
0.58 V  0.94 V  NiIIIPc-2/NiIIPc-2 
NiIIPc-1/NiIIPc-2 
0.6 V 
0.88 V 
0.38 V 
*------- 
Poly-CoTAPc-
MWCNT-
BPPGE 
0.51 V  0.87 V  CoIIPc-1/CoIIPc-2 
CoIIIPc-2/CoIIPc-2 
 
*--------
0.66 V 
 
 
(0.73 V) 
0.54 V 
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Poly-MnTAPc 
-BPPGE 
0.68 V 0.97 V MnIVPc-1/MnIVPc-2 
 
0.45 V 
 
0.86 V 
 
Poly-FeTAPc-
BPPGE 
0.66 V 0.91 V FeIIIPc-2/FeIIPc-2 
 
0.51 V 
 
*-------- 
 
Poly-NiTAPc-
BPPGE 
0.63 V 0.93 V NiIIPc-1/NiIIPc-2 
NiIIIPc-2/NiIIPc-2 
1.15 V 
0.66 V 
0.85 V 
-0.12 V 
 
Poly-CoTAPc-
BPPGE 
0.68 V 0.93 V CoIIIPc-2/CoIIPc-2 
 
0.69 V 
 
*------- 
 
*peak was not detected. 
 
6.1.2 Mechanism of electrocatalytic oxidation of amitrole 
A plot of IP vs 
½ (Figure 6.3), from scan rate () = 10 mV/s to  = 240 mV/s, 
produced a straight line, indicating that oxidation of amitrole with the poly-FeTAPc-
MWCNT-BPPGE at these scan rates  is diffusion-controlled.    From  = 300 mV/s to 
 = 900 mV/s the current response stabilized, indicating electrode fouling.  
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Figure 6.3: Plot of IP vs 
½
 for the FeTAPc-MWCNT-BPPGE in pH 12 phosphate buffer 
containing 10-3 M amitrole.  Supporting electrolyte is 0.05 M Na2SO4. 
 
A plot of IP/
1/2 vs  (Figure 6.4) produced the characteristic shape of a coupled 
chemical reaction (ECcat) for the amitrole, clearly confirming catalytic activity. 
 
Figure 6.4:  Plot of IP/
½
 vs  for FeTAPc-MWCNT-BPPGE in 10-3 M amitrole in phosphate 
buffer at pH 12.  Supporting electrolyte is 0.05 M Na2SO4.  Inset:  Plot of EP vs ½ log . 
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From a plot of EP vs ½ log  (Figure 6.4, inset), a Tafel slope of 230 mV/decade was 
obtained, indicating that the rate-determining step for the electrocatalysis is a one-
electron transfer process.  The Tafel slope (  
       
   
) is greater than the 120 mV 
that is expected for a one-electron process, due to binding of amitrole or its 
oxidation products to the surface.  On the basis of the information extracted from 
the plots above, the mechanism proposed in chapter 4 (equations 4.2 – 4.4) for the 
oxidation of amitrole is suggested. 
6.1.3 Chronoamperometry with the poly-FeTAPc-MWCNT-BPPGE 
To obtain the catalytic rate constant, chronoamperograms were obtained at a fixed 
potential of 0.4 V (versus Ag|AgCl pseudo-reference electrode) over 40 s for the 
poly-FeTAPc–MWCNT–BPPGE in the absence and presence of 1  10−6 M amitrole.  
From the slope of a plot of Icat/IL versus t
1/2 (Figure 6.5)  the value of k (equation 
4.6) was found to be 3.85  104 M−1 s−1 (Table 6.2).   
 
Figure 6.5:  Plot of Icat/IL vs. t
½ for the catalytic oxidation of amitrole in pH 12 phosphate 
buffer, on poly-FeTAPc–MWCNT–BPPGE.  Supporting electrolyte is 0.05 M Na2SO4.  
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This value of k is far higher than the value reported in the literature (Table 6.2), 
and also about 200 times higher than the value obtained with the FePcNP/MWCNT-
BPPGE (Table 5.2).  However, it is still about 103 times lower than value of k 
obtained with the FePcNP-CPE (Table 5.2).  
 
Figure 6.6 shows chronoamperomegrams recorded at different concentrations of 
amitrole at a fixed potential E = 0.5 V vs Ag|AgCl (3 M KCl).  The electrode had to 
be taken out of the solution and rinsed in pH 12 phosphate buffer between 
chronoamperometric measurements because of fouling of the electrode surface by 
amitrole or its products or intermediates.  
 
   
 
Figure 6.6:  Chronoamperograms of FeTAPc-MWCNT-BPPGE, obtained at a fixed potential of 
0.4 V vs Ag|AgCl (3 M KCl), in pH 12 phosphate buffer containing different concentrations of 
amitrole. Supporting electrolyte is 0.05 M Na2SO4.  Scan rate = 0.05 V/s.  Inset:  Plot of 
Current (I) vs [Amitrole].   
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More than 90% of the original current recorded at each amitrole concentration was 
regenerated after rinsing with the buffer, thus establishing the viability of continuous 
use of the electrode once fabricated.  A linear relationship, within a concentration 
range of 1.0 to 5.0 nM, was obtained when the current response was plotted against 
amitrole concentration (Figure 6.6, inset).  The sensitivity of the electrode was 
obtained from the slope of the straight line, and the limit of detection was calculated 
using the y=yB + 3 criterion.    The limit of detection obtained with the poly-
FeTAPc-MWCNT-BPPGE is far lower than those reported in the literature, and its 
sensitivity is far higher than the reported literature values (Table 6.2).  However, its 
linear measuring  range is much narrower than those reported in the literature 
(Table 6.2).  The three electrodes that have been constructed will be compared in 
Section 6.3.  
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Table 6.2:  Electrochemical parameters associated with electrodes investigated.  Reference 
electrode: Ag|AgCl (3 M KCl). 
Parameter Poly- FeTAPc-MWCNT-
BPPGE 
Poly-CoTAPc-MWCNT-
BPPGE 
Analyte Amitrole (at pH 12) Asulam (at pH 7) 
Detection Potential 0.44 V 0.87 V 
Limit of Detection 0.325 nM  
(1.07 Ma, 0.38 Mb) 
1.15 M 
(1.74 Mc, 7.1 Md) 
Sensitivity 8.82 A/nM 
(4.41 pA/nMa, 0.073 nA/nMb) 
241x10-3 A/M 
(0.91 A/Mc) 
Linear Measuring 
Range 
1.0  5.0 nM  
(23.0 – 230 nMa, 0 – 260 Mb) 
 
4.5  20.6  M 
(4 – 109 Mc, 10 – 90 Md) 
Catalytic Rate 
constant  
3.85  104 M−1 s−1  
(18.95  10-2 s-1)b 
1.60  102 M−1 s−1 
(1.108  103 M-1 s-1)e 
Stability 90 % of initial current 
recovered after rinsing in 
phosphate buffer. 
96 % of initial current 
recovered after rinsing in 
phosphate buffer. 
a ref 269, b ref 274, c ref 225, d ref 231, and e ref 282. 
 
6.1.4 Selectivity Studies 
The selectivity of the FeTAPc-modified BPPGE-MWCNT was investigated using the 
mixed solution method [279].  The concentration of the interfering species and 
amitrole were 10-6 and 10-7 M, respectively.  The selectivity was checked against the 
pesticides atrazine, simazine, 3,6-dichloro-2-methoxybenzoic acid (dicamba) and 
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ammonium thiocyanate (component of many herbicide formulations).  The values of 
Kamp (where Kamp is the amperometric selectivity coefficient) were determined from 
equation 4.7 (now equation 6.1) for analysis in the presence of interfering ions: 
 
][int
][
1
erferent
amitrole
I
I
K
amitrole
mixture
amp 


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




      6.1 
where Imixture and Iamitrole are respectively, the changes in current for the mixture 
containing amitrole and the interfering ion, and amitrole alone.  The Kamp values are 
graphically represented in Figure 6.7. 
 
 
Figure 6.7:  Amperometric selectivity coefficient of poly-FeTAPc-MWCNT-BPPGE for  different 
potentially interfering species in the presence of amitrole. 
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interfered most strongly, while ammonium thiocyanate is the least interferent. Thus, 
the electrode could be most conveniently used for the detection of amitrole in 
solution where ammonium thiocyanate is present. 
6.2. Electroanalytical Detection of Asulam 
6.2.1 Electrocatalysis of asulam 
The electrocatalytic behaviour of the different electrodes was investigated using an 
asulam as the test analyte.  Figure 6.8 shows the cyclic voltammograms of a 1  
10-3 M asulam solution, obtained with the different poly-MTAPc-MWCNT-BPPGEs and 
the bare BPPGE.  Clearly, the poly-MTAPc-MWCNT-BPPGEs show electrocatalytic 
behaviour towards oxidation of asulam, as indicated by the negative shift of the 
amitrole oxidation potential with all of them, in comparison with that obtained with 
the BPPGE. The poly-CoTAPc-MWCNT-BPPGE exhibits the most electrocatalytic 
behaviour of all the electrodes (Figure 6.8(top)), displaying a negative potential 
shift of ~100 mV in comparison to that obtained with the BPPGE (Table 6.1).  The 
amitrole oxidation potentials obtained with the different electrodes (containing 
MWCNTs) follow the sequence: BPPGE (~0.96 V) > poly-NiTAPc-MWCNT-BPPGE 
(0.94 V) > poly-FeTAPc-MWCNT-BPPGE (~0.88 V) > poly-MnTAPc-MWCNT-BPPGE 
(~0.86 V) > poly-CoTAPc-MWCNT-BPPGE (~0.87 V).  The poly-NiTAPc-MWCNT-
BPPGE displayed the highest current response though (~25.2 A), followed by the 
poly-CoTAPc-MWCNT-BPPGE (~22.5 A). If we consider the lowest detection 
potential exhibited by the different electrodes, poly-CoTAPc-MWCNT-BPPGE is 
therefore the most catalytic towards amitrole oxidation.  In Figure 6.8 (bottom), 
cyclic voltammograms of the poly-CoTAPc-MWCNT-BPPGE, MWCNT-BPPGE, poly-
CoTAPc-BPPGE and BPPGE are displayed.  Although amitrole oxidation with the 
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MWCNT-BPPGE occurs at about the same potential as with the poly-CoTAPc-
MWCNT-BPPGE, the anodic peak obtained is very broad.   
 
 
Figure 6.8:  Cyclic voltammograms of poly-MTAPc-MWCNT-BPPGE and BPPGE (top), and 
cyclic voltammograms of poly-CoTAPc-MWCNT-BPPGE, poly-CoTAPc-BPPGE, MWCNT-BPPGE, 
and BPPGE (bottom) in 1  10-3 M asulam in phosphate buffer, pH 7.  Scan rate = 0.025 V/s.  
Reference electrode: Ag|AgCl (3 M KCl). 
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The observations of a sharp peak with enhanced current and lower potential with 
the poly-CoTAPc-MWCNT-BPPGE are an indication of the improved electronic 
communication between the asulam and the BPPGE, and improved electrocatalytic 
oxidation and detection of asulam, as explained before.  The CoTAPc-MWCNT-BPPGE 
was thus employed in all subsequent investigations.  The peak due to the oxidation 
of asulam at ~0.87 V is in the range of the peak due to ring oxidation of CoTAPc and 
the formation of a Pc−1 species (Table 6.1), thus suggesting that ring-based 
processes are involved in the catalytic oxidation.  This also confirms a two-electron 
oxidation process for asulam catalysed by CoIIIPc−1. 
6.2.2 Mechanism for the electrocatalytic oxidation of asulam  
A plot of anodic peak current (Ipa) against the square root of scan rate (
1/2) (Figure 
6.9) (for scan rates less than 300 mV/s) resulted in a straight line, an indication of a 
diffusion controlled asulam oxidation.  However, at higher scan rates (300–1200 
mV/s) the Ip versus 
1/2 plot was non-linear, most likely due to the adsorption of 
asulam on the surface of the carbon nanotubes [40,238,283].  
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Figure 6.9 :  Plots of IP vs 
½ (A) and IP/
½
 vs  (B) for CoTAPc-MWCNT-BPPGE in 1  10-3 
M asulam.  Inset:  Plot of EP vs ½ log .   
   
A plot of Ipa/
1/2 against  (Figure 6.9B) resulted in the characteristic shape that is 
typical of a catalytic process of electrochemical reaction preceding a chemical 
reaction (ECcat) [270].  A plot of Ep versus ½ log  (Figure 6.9B, inset) gave a linear 
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relationship, with a Tafel slope (b = 2.303RT/nF) of approximately 215 mV/decade, 
indicating that the rate determining step for the catalysis is a one-electron transfer 
process. The Tafel slope obtained in this work is greater than the normal 30–120 
mV/decade, and this may be due to stronger binding of the CoTAPc with the asulam 
during the intermediate reaction step, as reported by others for such occurrence 
[274-276]. 
 
From the discussion above the following conclusion can be made about the oxidation 
process: a total of two electrons are involved during the electro-oxidation process, in 
separate one electron oxidation steps (Tafel plot, Figure 6.9B, inset).  A two-
electron, two-proton oxidation process has also been proposed for the oxidation of 
carbamates [281].  Also cyclic voltammetry shows that oxidation of asulam occurs at 
the potentials of CoIIIPc−1 species, hence confirming a two electron catalytic 
oxidation process.  The following mechanism may be proposed for the CoTAPc-
catalysed oxidation of asulam: 
CoIITAPc2− [CoIIITAPc2−]+ +e−       6.2 
[CoIIITAPc2−]+  [CoIIITAPc1−]2+ +e−      6.3 
[CoIIITAPc1−]2+ + asulam  [CoIITAPc] + asulam oxidation products  
          6.4 
 
The possibility of coordination of asulam to CoIIITAPc was studied by 
spectrophotometric experiments of immobilized CoTAPc on a glass slide surface. 
Figure 6.10 shows the UV/Vis spectra for the CoIITAPc (curve 1) when 
immobilized onto a glass surface, CoIIITAPc (curve 2) which was generated by 
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exposing the CoIITAPc to bromine vapour, dipping the formed CoIIITAPc into a 1  
10−2 M solution of asulam, followed by drying (curve 3).    
 
   
  Figure 6.10:  UV/Vis spectra of CoIITAPc (curve 1), CoIIITAPc (curve 2), 
CoIIITAPc in the presence of asulam (curve 3). Spectra recorded in DMF. 
 
Two peaks (at 623 and 682 nm) were observed (curve 1) for CoIITAPc.   
The presence of two peaks in the visible region is typical [120] of aggregation in 
MPc complexes with the low energy peak being due to the aggregate. On oxidation 
of CoIITAPc to CoIIITAPc with bromine, CoIIITAPc was formed with a main absorption 
band at 690 nm, which shifted to 683 nm on exposure of CoIIITAPc to asulam, and is 
very close 682 nm of the low energy peak of CoIITAPc, suggesting reduction back to 
the latter species.  No changes in spectra were observed on addition of asulam to 
CoIITAPc. Normally small shifts in Q band are typical of axial ligation in MPc 
complexes [120], however a shift of just 1 nm between CoIITAPc in the absence of 
asulam and CoIITAPc formed by addition of asulam to CoIIITAPc is not adequate to 
suggest coordination, but Tafel slopes do suggest coordination, maybe to CoIIITAPc.  
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It is however important to note that changes represented in Figure 6.10 are due to 
adsorbed monomer, and could be different for adsorbed polymer.  The difference in 
the relative magnitudes of the low and high energy peaks in curve 1 and curve 3 is 
a result of different extents of aggregation. 
6.2.3  Chronoamperometry with the poly-CoTAPc-MWCNT-BPPGE 
Chronoamperometry was used to evaluate the catalytic rate constant.  To obtain 
such data, chronoamperograms were obtained at a fixed potential of 0.73 V (versus 
Ag|AgCl) over 60 s for the poly-CoTAPc–MWCNT–BPPGE in the absence and 
presence of 1  10−4 M asulam.  Using equation 4.6, the value of k was determined 
graphically from the slope of a plot of Icat/IL versus t
1/2 (Figure 6.11), between t = 
0.8 and t = 2.2 s.  The value of k was found to be 1.60  102 M−1 s−1 (Table 6.2)  
  
Figure 6.11:  Plot of Icat/IL vs. t
½ for the catalytic oxidation of asulam in pH 7 
phosphate buffer, on poly-CoTAPc–MWCNT–BPPGE. 
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pesticide) by ozone [282]. This shows that the electrochemical oxidation of asulam 
at CoTAPc is fairly fast, considering that ozone is a highly reactive compound.   
 
Figure 6.12 shows typical current response of asulam when the potential of the 
poly-CoTAPc–MWCNT–BPPGE was kept at 0.90V versus Ag|AgCl.  Upon successive 
addition of 1ml of 1  10−4 M asulam, a well-defined response was observed.   
 
 Figure 6.12: Chronoamperomegrams (recorded at 0.90 V) observed on addition of 
aliquots of asulam (1 ml of 1×10−4 M) to pH 7 buffer. Inset: plot of Ip vs [asulam], using poly-
CoTAPc–MWCNT–BPPGE.  Reference electrode:  Ag|AgCl (3 M KCl) 
  
A plot of current versus asulam concentration (inset) gave a linear relationship over 
a concentration range of 4.5–20.6 M with a sensitivity of 241  10−3 A/M (r2 = 
0.9904), and a detection limit of 1.15 M (using the YB +3σ criterion).  The limit of 
detection obtained with this electrode is better than the  1.74 M and 7.1 M 
obtained for asulam at glassy carbon electrodes (Table 6.2), and the sensitivity is 
slightly lower than the one reported in the literature (Table 6.2).  A comparison of 
the various electrodes constructed follows in Section 6.3. 
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The suitability of the developed electrode for electrochemical detection of asulam in 
a real sample was tested by confirming a known concentration of this herbicide in 
tap water, using the standard addition method. Five replicate determinations showed 
recovery of 105±0.10% of the spike, thus demonstrating the suitability of the 
developed CoTAPc–MWCNTs -modified BPPGE for real sample analysis. 
 
6.3 Conclusions 
 
Table 6.3 lists the values of the electrochemical parameters obtained in the 
electrocatalytic detection of amitrole and asulam with the different fabricated 
electrodes. 
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Table 6.3:  Electrochemical parameters of fabricated electrodes, and the corresponding test 
analytes.  Reference electrode: Ag|AgCl (3 M KCl) 
Analyte Electrode Electrochemical Parameters 
Amitrole 
(pH 12) 
Detection 
Potential/
V  
Limit of 
Detection
/M 
Sensitivity 
/ A/M 
Linear  
Range  
/ M 
Catalytic 
Rate 
Constant 
/M-1 s-1 
FePcNP-CPE 0.55 2.48       
 10-3 
2.0 x 103  1-7      
 10-9  
50.4      
 106   
FePcNP/ 
MWCNT-
BPPGE 
0.61 5.20  0.026  1-9      
 10-4  
18.05  
 
poly-FeTAPc-
MWCNT-
BPPGE 
0.45 0.33       
 10-3  
8.82 x 103  1-5      
 10-9  
3.85      
 104  
Asulam 
(pH 7) 
NiPcNP-CPE 0.90 6.19       
 10-2  
1.98  0.4-2    
 10-6  
1.26      
 103  
NiPcNP/MWC
NT-BPPGE 
0.90 0.29  0.045  91- 412 
 10-6  
13.04  
 
poly-CoTAPc-
MWCNT-
BPPGE 
0.87 1.15  0.241  4.5-20.6 
  10-6  
1.60      
 102 
 
A close inspection of Table 6.3 shows that, for amitrole detection, the lowest 
detection potential (0.44 V), the lowest limit of detection (0.33  10-3 M), and the 
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highest sensitivity (8.82  103 A/M) are obtained with the poly-FeTAPc-MWCNT-
BPPGE, followed closely by the FePcNP-CPE.  However, the catalytic rate constant 
for poly-FeTAPc-MWCNT-BPPGE (3.85  104 M-1 s-1) is lower than that of the 
FePcNP-CPE (50.4  106 M-1 s-1).  This is not expected since a higher rate constant 
should correspond with a higher sensitivity and lower detection potential (better 
electrocatalysis).  The reasons for this discrepancy are not clear.  The linear 
measuring range of the poly-FeTAPc-MWCNT-BPPGE (1-5  10-9 M) is almost equal 
to that of the FePcNP-CPE (1-7  10-9 M).  It has been shown that 90% of the initial 
current of the poly-FeTAPc-MWCNT-BPPGE is recovered after rinsing with buffer.  
This is comparable to the 92% obtained with the FePcNP-CPE after renewal of its 
surface.  Ammonium thiocyanate (NH4SCN) is usually present in most pesticide 
formulations.  Kamp values of 0.003 and 0.000741 were obtained with the poly-
FeTAPc-MWCNT-BPPGE and FePcNP-CPE, respectively, for NH4SCN.  These values 
show that there is minimal NH4SCN interference with the amitrole measurement 
when the poly-FeTAPc-MWCNT-BPPGE is used for detection, whilst there is no 
NH4SCN interference at all when the FePcNP-CPE is employed.  The very little 
NH4SCN interference displayed by the poly-FeTAPc-MWCNT-BPPGE and FePcNP-CPE 
re-affirms their viability as amitrole detecting instruments.  Therefore, considering all 
the factors mentioned above (especially the detection potential, limit of detection, 
sensitivity and stability of electrode), the most viable electrode, from the three that 
were investigated for amitrole detection, is the poly-FeTAPc-MWCNT-BPPGE. 
  
In the detection of asulam, the detection potential is almost the same at ~ 0.9 V for 
all three electrodes investigated, with the poly-CoTAPc-MWCNT-BPPGE showing a 
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slightly lower detection potential of 0.87 V.  The lowest limit of detection (6.19  10-2 
M) and the highest sensitivity (1.98 A/M) were obtained with the NiPcNP-CPE, 
although this electrode has the narrowest measuring range (0.4 -2  10-6 M) of all 
the electrodes investigated for detection of asulam.  The highest catalytic rate 
constant for asulam oxidation (1.26  103 M-1 s-1) is obtained at the NiPcNP-CPE, 
which corresponds well with its high sensitivity.  The narrow measuring range 
renders it a little difficult to use for investigative detection of unknown asulam 
concentrations since any concentration lying outside this range cannot be detected.  
It can be employed, though, to confirm measurements that should be lying within 
this range.  The NiPcNP/MWCNT-BPPGE has the second lowest limit of detection for 
asulam (0.29 M) and the lowest sensitivity (0.045 A/M), and the poly-CoTAPc-
MWCNT-BPPGE displayed the highest limit of detection (1.15 M) and the second 
highest sensitivity (0.241 A/M).  The higher catalytic rate constant for asulam 
oxidation (1.60  102 M-1 s-1) at the poly-CoTAPc-MWCNT-BPPGE, relative to that of 
the NiPcNP/MWCNT-BPPGE (13.04 M-1 s-1), corresponds well with the sensitivities of 
these two electrodes, with the former displaying a higher sensitivity than the latter. 
However, the NiPcNP/MWCNT-BPPGE displayed the widest linear measuring range 
(91- 412  10-6 M) of the electrodes investigated for asulam oxidation, followed by 
the poly-CoTAPc-MWCNT-BPPGE (4.5-20.6   10-6 M).  The detection potential of the 
NiPcNP/MWCNT-BPPGE (0.9 V) is almost equal to that of the poly-CoTAPc-MWCNT-
BPPGE (0.87 V).  With regard to the stability of the two electrodes, the percentage 
recoveries of the initial current after rinsing with pH 7 phosphate buffer are 96% and 
86% with the poly-CoTAPc-MWCNT-BPPGE and NiPcNP/MWCNT-BPPGE, 
respectively.   With the NiPcNP-CPE the percentage recovery is 90%.  The poly-
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CoTAPc-MWCNT-BPPGE has a fairly wide linear measuring range as well, in addition 
to a higher sensitivity.  Therefore, the NiPcNP/MWCNT-BPPGE would be suitable for 
detection of unknown quantities of asulam, because of the wide measuring range 
and the low limit of detection.The poly-CoTAPc-MWCNT-BPPGE would be best suited 
to repeated monitoring of known asulam concentration levels, because of the 
stability of the electrode, its sensitivity, and the fairly wide concentration range.  The 
NiPcNP-CPE would be suitable for this purpose, too, as explained earlier.   
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General Conclusions 
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In this project, nanoparticles of metallophthalocyanines (CoPcNP, FePcNP, MnPcNP, 
and NiPcNP) have been used, alone or in combination with multi-walled carbon 
nanotubes, to construct electrodes for employment in the electrocatalytic detection 
of the pesticides amitrole and asulam.  Furthermore, the corresponding tetra-
aminophthalocyanines (CoTAPc, FeTAPc, MnTAPc, and NiTAPc) have been 
electropolymerized on the multi-walled carbon nanotubes and the resulting 
electrodes employed for the same purpose.  Six electrodes in all were constructed.  
The following conclusions can be made about this exercise: 
(i) In terms of the electrochemical parameters listed, the best performing 
electrodes were those based on NiPc, FePC, and CoPc. 
(ii) Nanoparticles of phthalocyanines can be used effectively as 
electrocatalysts, alone (for example, in the carbon paste electrodes) or 
in combination with multiwalled carbon nanotubes, to produce viable 
electrodes which can be used continuously for the detection of amitrole 
and asulam.    
(iii) The electrodes modified with NiPc nanoparticles (alone or in 
combination with MWCNTs) displayed good electrocatalytic behaviour 
towards asulam oxidation.  However, poly-CoTAPc displayed the best 
electrocatalytic behavior towards asulam amongst the poly-MTAPcs.  
(iv) The FePc-based electrodes displayed good electrocatalytic behavior 
towards amitrole oxidation, and the best analytical parameters were 
obtained with the poly-FeTAPc-MWCNT. 
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It has been shown that the electrodes can be used continuously without too 
much effect on the current response if the electrode surface is renewed by 
rinsing in buffer or preparing a new surface (with carbon paste electrodes). 
Future work could involve the following activities: 
(i) Investigation of the effect of the nature of the supporting electrolyte on 
the detection potential and current response of amitrole at the CoPcNP-
CPE.  It would be interesting to see whether the nature of anions present 
in solution could significantly enhance the amitrole oxidation current 
response at this electrode surface (see Figure 4.4 ). 
(ii) Similar investigations will also be undertaken with the NiPcNP-CPE in 
asulam, to enrich those studies. 
(iii)  Investigation of the electrocatalytic behavior of a CoPcNP/MWCNT-BPPGE 
towards the detection of asulam.  Since a poly-CoTAPc-MWCNT-BPPGE 
displayed good electrocatalytic behavior towards asulam oxidation, it 
would be interesting to investigate the electrocatalytic behavior of 
CoPcNP/MWCNT-BPPGE towards the same analyte. 
(iv) The MTAPcs will also be covalently attached to the MWCNTs and such 
electrodes will be used in pesticide analyses. 
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